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ABSTRACT
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Title: Design and Synthesis of Molybdenum-Dioxo Complexes and the Development of
Novel Methodologies
Major Professor: Mahdi Abu-Omar

Molybdenum-centered enzymes occur naturally throughout a variety of organisms.
These enzymes have shown interesting reactivities, including oxygen atom transfer
reactions. As such, there has been a great deal of interest in creating synthetic analogs of
these complexes to further probe the reactive properties of molybdenum catalysts.
This work focuses on designing and synthesizing molybdenum complexes for
oxygen atom transfer reactions. The first chapter will discuss the design, synthesis, and
characterization of three molybdenum dioxo complexes used in sulfoxidation reactions. It
will also discuss the development of this reaction methodology, as well as cover substrate
scope and application to total synthesis and industry. The second chapter still focuses on
these three catalysts, but now examines the kinetic and mechanistic probing of the
sulfoxidation reactions.
Chapter four discusses a different molybdenum dioxo complex that was discovered
to be effective in deoxydehydration reactions. The methodology development is discussed
with a focus on substrate tolerance of the catalyst. This section attempts to probe the
mechanism of the reaction to propose a reasonable catalytic cycle.
The final chapter shifts from organometallic synthesis to organic synthesis. In this
section, the development of a novel methodology for the synthesis of 8-membered cyclic

xiv
ethers, called oxocines, is discussed. This is of interest for two reasons. First, these
medium-sized rings are generally synthetically difficult to access. Second, these particular
scaffolds are observed in a variety of natural products that have shown biological activity.

1

CHAPTER 1.

1.1

INTRODUCTION

Overview of Molybdoenzymes
Molybdenum is an essential metal center for metalloenzymes, called

molybdoenzymes, in a wide variety of organisms, including: bacteria, archaea bacteria,
fungi, plants, animals, and algae.1 Over fifty enzymes with molybdenum centers have been
identified, with the majority being found in bacteria and only a handful that have been
identified in eukaryotic organisms.1-2 The prevalence of molybdenum in biology has been
attributed to the good solubility properties of molybdenum salts in water over other metals.2
Therefore, due to the ubiquitous nature of water, molybdenum is more readily available
than other metals in many environments. For example, iron is known to exceed the
abundance of molybdenum in a ratio of 3000:1. However, the abundance of molybdenum
is approximately five times that of iron in sea water simple due to the greater solubility of
molybdate anion MoO42- over iron oxides.2-3 Of course availability is not the only property
that leads to the incorporation of a particular metal in enzymes. For biological purposes,
metal centers must also have different available oxidation states and be able to ligate to
necessary biomolecules. Molybdenum exists in the IV, V, and VI oxidation states, making
it a good choice for a catalytic center for various redox reactions. It is also able to
coordinate to electron carriers, such as nicotinamide adenine dinucleotide hydrate
(NADH).2
One unique characteristic of molybdenum is that it is biologically inactive
unless it is activated by a special cofactor called pyranopterin (Figure 1.1).1-2,

4

This

cofactor is referred to in the literature as ppt, molybdopterin, molybdenum cofactor, and
moco.2 The exception to molybdenum cofactor activation is bacterial nitrogenase,3, 5 which

2
is instead activated by the iron-molybdenum cofactor.1 All other molybdoenzymes can be
classified into three basic families, shown in Figure 1.2. All eukaryotic molybdenum
enzyme structures are either of the molybdenum hydroxylase (A) or sulfite oxidase variety
(B).2 The sulfite oxidase scaffold includes nitrate reductases and sulfite oxidases.1 The
molybdenum hydroxylase scaffold is exhibited in xanthine dehydrogenase and aldehyde
oxidase.1 However, in prokaryotic organisms, the phosphate moiety on the molybdenum
cofactor can bind cysteine, guanine, adenine, or hypoxanthine to form a dinucleotide
structure.2, 6 Despite the names of these families, all three are classified as molybdenum
oxotransferase enzymes.7

Figure 1.1. Molybdenum cofactor.
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Figure 1.2. Basic structures of molybdenum oxotransferase families.
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1.2

Molybdenum Hydroxylases
The reactivity of the molybdenum hydroxylases (xanthine oxidase, xanthine

dehydrogenase, and aldehyde oxidase), has been a focus of several studies due to the ability
of these enzymes to metabolize drug molecules.8-9 Both enzymes act by oxidizing target
compounds, particularly those with aromatic nitrogen-containing moieties.8 For example,
naphthalene is not a substrate for molybdenum hydroxylases, but quinoline, quinazoline,
and pteridine (Figure 1.3) can all be oxidize in vivo. The oxidative difference between
xanthine and aldehyde oxidases is evident with pteridine. While xanthine oxidase forms
pteridin-2,4,7-trione, aldehyde oxidase produces pteridin-2,4-dione.8

co co
0

A

0

N

B

Figure 1.3. Structures of naphthalene (A), quinoline (B), quinazoline (C), and pteridine
(D).

The overall reaction for these enzymes is shown in Scheme 1.1.8, 10 The substrate
is oxidized with oxygen derived from water, producing two electrons and two protons. The
more detailed catalytic cycle is shown in Figure 1.4. It has been shown that the
molybdenum (VI) enzyme is reduced by the substrate to give molybdenum (IV), thus
producing a two-electron reduced enzyme. Water acts as the nucleophile to attack the
reduced molybdenum (IV) and transfer an oxygen to the molybdenum center. The available
two electrons and protons can then be consumed by NAD+ to generate NADH, in the case

4
of xanthine dehydrogenase, or by O2, in the case of xanthine oxidase, to regenerate the
molybdenum (VI) enzyme.8, 10

molybdenum
hydroxylase

ROH

+

2e-

+

2W

Scheme 1.1. General oxidation reaction of molybdenum hydroxylases.10

I H202 I

I

or

H+ + NADH

I

Mov1

RH

ROH

I H20 + NAo+ I
or

IH20 + 02 I

MolV

Figure 1.4. Mechanism of action for xanthine oxidase (blue) and dehydrogenase (red).1, 10
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1.3

Sulfite Oxidase
Eukaryotic molybdenum oxotransferases include sulfite oxidase. As its name

suggests, this enzyme catalyzes the transformation of sulfite to sulfate.1,

7, 10

This

conversion is necessary to remove sulfite from eukaryotic organisms as it is toxic at
elevated levels.1 In eukaryotes, the removal of sulfite is the final step in the degradation of
sulfur-containing amino acids.1 It has recently been shown that over expression of sulfite
oxidase in plants can allow them to survive in environments containing elevated levels of
sulfur dioxide as they are able to metabolize the sulfite byproduct at high enough rates to
prevent toxicity.11 The general conversion of sulfite into sulfate by human sulfite oxidase
is shown in Scheme 1.2.10 Plants use O2 as the electron acceptor to form H2O2, but the
mechanism of action is the same for both.1 The substrate must bind cis to one of the oxo
ligands. The lone pair on the substrate attacks an oxo group, reducing the molybdenum
center from Mo(VI) to Mo(IV) and forming a bidentate intermediate. This intermediate
undergoes nucleophilic attack from a hydroxide, derived from water, transferring the
oxygen from the molybdenum center to the substrate (Scheme 1.3).1, 10 The reducing
equivalents of electrons are transferred through the enzyme via intramolecular electron
transfer to a heme moiety, where they are removed by cytochrome c.7 Although no isotope
labelling study has conclusively proven the oxygen transfer step, the mechanism described
is widely accepted. Based on the accepted mechanism, sulfite oxidases are considered to
perform “true” oxygen atom transfer reactions.7 Due to this consideration, there has been
a great deal of effort in the development of synthetic models for molybdenum
oxotransferases as well as investigation into their various applications.12

6
Mo

Scheme 1.2. General reaction of sulfite oxidase.
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Scheme 1.3. Mechanism of oxygen transfer for sulfite oxidase.10
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1.4

Synthetic Models of Molybdenum Oxotransferases
Enzymes in the molybdenum hydroxylase and sulfite oxidase families possess five-

coordinate, square pyramidal geometries. The enzymes from the DMSO reductase family
possess six-coordinate centers.7, 12 These five- and six-coordinate structural scaffolds are
mimicked in the majority of molybdoenzyme analogues, with very few containing fourcoordinate ligand structures.12-15

1.4.1

Polymerization and Metathesis
Although four-, five-, and six-coordinate molybdenum catalysts have been used for

polymerization catalysts (Figure 1.5), five-coordinate systems are the most prolific.14, 16
Molybdenum polymerization catalysts almost exclusively catalyze ring-opening
metathesis polymerization (ROMP) reactions, though examples of straightforward
metathesis reactions are known.16 The risk of dimerization of molybdenum (V) centers
from four- and five-coordinate species is diminished in these types of reactions as
dimerization can occur with even trace amounts of water, and polymerization reactions
must take great care to avoid water.

8
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Figure 1.5. Examples of 4-, 5-, and 6-coordinate molybdenum polymerization
catalysts.14, 16

The greatest focus of molybdenum-catalyzed ROMP reactions is the
polymerization of norbornene.14, 16-18 Simple ligand structures like complex 3 can catalyze
the ROMP of norbornene in the presence of a Grignard co-catalysts. However, these
molybdenum catalysts do not exhibit much selectivity in the polymeric products they
produce.14 It has been well-documented that various symmetries of catalysts will give
specific stereochemical control over polymerization products.19 Therefore, when bulky,
chiral molybdenum centers are used (i.e. catalysts 1 and 2), the reactivity of the ROMP
reactions can be tune to produce specific products (Scheme 1.4). These products can then
be hydrogenated to give stereospecific saturated hydrocarbons.16

1

cis, isotactic

2

cis, syndiotactic

Scheme 1.4. Stereochemical control of norbornene ROMP.
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1.4.2

Amination
Molybdenum catalysts have been used to affect the transformation of amines in a

variety of reactions, including oxidative amination20, allylic amination21-22, reductive
amination23, and substitutions24. We will focus on oxidative amination and allylic
amination. Oxidative amination has been able to transform aromatic amines, such as benzyl
amine and aniline, into the corresponding nitroso compounds using a molybdenum (VI)
oxido-bisperoxido catalyst (Scheme 1.5).20 At higher temperatures, the amines can couple
to form diazene.20 Nitroso compounds are important as reagents in synthesis and are useful
in the dye, pharmaceutical, perfume, and plastics industries.20 The use of hydrogenperoxide
as the oxygen source is beneficial for development of methodologies that produce less
harmful waste by-products and have greater atom economy.

0-N=O

nitrosobenzene

60°c

1,2-diphenyldiazene

Scheme 1.5. Oxidative amination of aniline.20

Kenneth Nicholas and researchers have developed two catalytic allylic amination
methodologies based on oxidative amination (Scheme 1.6). Their catalyst (4) was a
molybdenum (VI) dioxo complex, with 2,5-pyridinedicarboxylate (dipic) and
hexamethylphosphoramide (HMPA) ligands. This catalyst, in the presence of a
hydroxylamine, forms a molybdooxaziridine.21 Dissociation of this complex results in the
formation of the corresponding nitroso compound and a molybdenum (IV) complex. The
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resulting nitroso compound can then undergo ene-addition with an olefin to produce an
olefinic hydroxylamine. This new hydroxylamine is the reduced by the molybdenum (IV)
to regenerate the molybdenum (VI) complex and produce the final allylic amine.21 Nicholas
and coworkers then made this type of allylic amination more broadly useful by developing
it into a reaction that could be performed with a primary or secondary amine and tert-butyl
peroxide (tBuOOH). In these reactions, the peroxide and amine react to form the starting
hydroxylamine in situ and the reaction proceeds as before.22 However, this development
provides much faster, easier access to the final product by eliminating a synthetic step.

ArNHOH

ArH N ~ R

ArNH 2 , tBuOOH

Scheme 1.6. Two methodologies for allylic amination.22

1.4.3

Epoxidation
A common focus of oxidation chemistry is in the epoxidation of olefins. These

groups are targeted as a synthetic goal and are useful as intermediates for further
functionalization. Indeed, molybdenum has also been used as a successful coordinating
metal for the selective ring-opening of various epoxides.25 Many molybdenum complexes
have been developed that are able to successfully catalyze the epoxidation of internal and
terminal olefins.14 The catalysts have included monomeric and µ-oxo-bridged dimeric
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molybdenum complexes.14, 26-27 One drawback to these catalysts is that they seem to be
inert to hydrogen peroxide as an acceptable oxidant. They are able to complete the
transformation with tBuOOH.14, 26-27 However, the tBuOOH must be a solution of n-decane,
as the aqueous variety significantly decreases the yield,26 indicating that molybdenumcatalyzed epoxidation reactions are greatly hindered in the presence of water.
The application of epoxides in synthetic chemistry has created a need to develop
asymmetric syntheses. Therefore, a wide array of asymmetric ligands have been
synthesized and metallated to create a vast number of asymmetric molyndemum
catalysts.26 To induce asymmetry in the reaction, it is not enough to simply have an
asymmetric catalyst; the ligand must be bulky enough to force the olefinic substrate to
coordinate in only one direction to the metal center and allow only one face of the olefin
to be available for oxidation. This can be achieved in two ways. First, ligands can be
designed to have this steric bulk by using chiral cyclohexane derivatives with large Rgroups at chiral centers, thus creating a large degree of steric bulk in a specifically chiral
fashion (Figure 1.6, 5).26 Alternatively, the ligands do not need to be chiral on their own,
but can instead have chirality induced by conflicting R-groups that force the ligands to
twist away from each other, creating a chiral molybdenum center (Figure 1.6, 6).26
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5

6

Figure 1.6. Two examples of asymmetric molybdenum catalysts for epoxidation.
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1.5

Sulfoxidation
A great deal of research over the years has focused on catalysts that are reactivity

analogues of molybdenum sulfite oxidase.12, 28 Although sulfoxidation is a fairly simply
reaction, there are a few nuances that must be considered that make it less simple. First, we
can consider oxidative control. A sulfide can be oxidized once to a sulfoxide or twice to
give a sulfone. Selective control over oxidation can be difficult. Second, if oxidative
control is achieved, there are chemoselective difficulties to overcome, including selectivity
over other reactive functional groups and enantioselectivity, if desired. Lastly, there can be
problems with the catalyst itself. As we have already discussed, molybdenum (VI) will be
reduced to molybdenum (IV), which can disproportionate to dimeric molybdenum (V),
rendering it inert. This last obstacle is the most straightforward to overcome. Most
molybdenum catalysts will be synthesized with larger ligands to sterically inhibit formation
of the molybdenum (V) dimeric species.12
For achiral catalytic sulfoxidation, several molybdenum oxo species are known.
Some of these complexes possess peroxo ligands.29-30 These molybdenum peroxo scaffolds
are the known reactive intermediates in sulfoxidation reactions, where peroxides are the
oxygen source and either regenerate the peroxo ligand or create it from an oxo ligand
(Figure 1.7) or serve to regenerate the original peroxo ligand.20 Most monooxo or dioxo
molybdenum complexes have ONO- or ONNO-type coordinating Schiff base ligands and
use an appropriate peroxide to generate the molybdenum peroxo complex in situ.20, 31-32
The most common peroxides used in these reactions are hydrogen peroxide, tert-butyl
peroxide, and urea hydrogen peroxide.32 A variety of Schiff bases that have been used are
shown in Figure 1.8.33-35 Using ligand 7, Sheikhshoaie and researchers were able to get
good selectivity to the sulfoxide, but had some variations of yields even at 5 mol% catalyst

14
loading.33 A molybdenum oxo peroxo complex with ligand 8 used by Bagherzadeh and coworkers was effective at only 1 mol% catalyst loading. This complex had excellent
selectivity, but its conversion of sulfides with alkyl substituents was lower compared to
aromatic substituents.34 Ligand 9 could provide the metal complex and any intermediates
a more delocalized electron environment, possibly promoting reactivity. The molybdenum
complex with this ligand showed excellent selectivity and conversion of un-hindered
sulfides with only 1 mol% loading, but as sterics increased, a rapid drop in conversion was
observed.35

0

ROOH

II
Mo=O

Figure 1.7. Formation of molybdenum peroxo complex.

('YOH

OH

~N~
7

8

9

Figure 1.8. Select Schiff base ligands used in achiral sulfoxidation.

Although the majority of catalysts for achiral sulfoxidations have achiral ligands, it
has been shown that chiral ligands will not induce asymmetry at the sulfoxide if there is
not enough steric hindrance to drive a selectivity. For example, Pontes de Costa and
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researchers used a molybdenum dioxo complex with an (S)-BINOL ligand for their
sulfoxidation reactions.36 However, they observed an enantiomeric excess of less than five
percent.36 The same poor enantioselectivity (0-17%) was seen with Romanowski and
Kira’s (S)-(+)-1-amino-2-propanol-derived ligand system due to the lack of sterics at the
stereogenic center.37
In addition to achiral reactions, many asymmetric sulfoxidation reactions have been
developed using molybdenum catalysts. These asymmetric reactions are especially useful
for total synthesis routes where a sulfoxide is present in the final product and, therefore,
must be enantiomerically pure.38 Although it is less common with sulfoxidations using
molybdenum catalysts, there are some that employ chiral auxiliaries to induce asymmetry.
For example, Carrasco and researchers used molybdenum oxo bis-peroxo in the presence
of a zwitterion, synthesized from L-valine to create an imidazolium dicarboxylic acid.38 In
appropriate conditions, the researchers were able to transform methyl phenyl sulfide to the
cooresponding (R)-sulfoxide in 93% yield, in 42% enantiomeric excess.38 Other
molybdenum-Schiff base complexes, like the series synthesized by Chakravarthy and
researchers, have also been moderately successful in chiral sulfoxidations, with total
conversions between 55-90% and enantiomeric excesses of 33-55%.39
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1.6 Summary
There has been a great deal of research toward the development of synthetic
analogues of molybdenum enzymes. The following work will focus on continuing that
research into developing molybdenum catalysts for the application to oxygen atom transfer
reactions. The two chapters of this work will focus on sulfoxidation catalysis. The third
chapter will shift to deoxydehydrogenation (DODH) catalysis.
The last part of this dissertation will focus on a different research area altogether.
This work includes the development of an organic methodology for the synthesis of 8membered cyclic ethers, called oxocines.
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CHAPTER 2.
DESIGN AND SYNTHESIS OF MO(O)2(H2SALETA)-TYPE COMPLEX AND THE DEVELOPMENT OF A
MILD, SELECTIVE SULFOXIDATION METHODOLOGY

2.1

Introduction
Molybdenum (VI) dioxo complexes have been extensively studied. Much of the

interest in these compounds is derived from their oxygen atom transfer chemistry and its
relationship to biological oxotransferase enzymes, which feature sulfur ligands.1-2
Consequently, molybdenum (VI) dioxo catalysts are often used for epoxidation and
sulfoxidation reactions.1, 3-7 Rao et al. reported on molybdenum (VI) dioxo complexes with
ONS-type ligands for the oxidation of olefins to epoxides (Figure 2.1).1 A similar ONOtype ligand system was employed in the synthesis of sulfoxides from sulfides (Figure 2.1).89

R

10: R= Me
11: R = Bn

12: R = H, Sol = MeOH
13: R = OMe, Sol= H2O

Figure 2.1. Mo(VI) dioxo catalysts used for the epoxidation of olefins (10 and 11)1 and
sulfoxidation reactions (12 and 13).8,9

Recyclable, inexpensive, and stable catalysts are desirable for industrial and
synthetic applications. Selective oxidation of sulfides to sulfoxides is important. Sulfoxides
are used prominently for the Mislow-Evans rearrangement in organic synthesis, involving
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a 2,3-sigmatropic rearrangement to transform allylic sulfoxides to allylic alcohols.10 This
transformation is utilized in the synthesis of various natural products of medicinal value.10
One such application is in the synthesis of β-lactam PS-5-type antibiotics, where the
sulfoxide is subjected to substitution with a methyl ester to allow for further
transformations. The oxidation of sulfide 14 in Scheme 2.1 to the corresponding sulfoxide
is performed with m-CPBA with yields ranging from 53-99%.11 In work by Kita et al., this
particular step is conserved in the synthesis of optically pure (+)-PS-5 and (+)thienamycin.12 Solid peroxides like m-CPBA, due to safety concerns, are more difficult to
use on industrial scale than t-BuOOH or H2O2, and m-CPBA generates chlorobenzoic acid
(CBA) as a by-product. The by-products of oxidation from t-BuOOH and H2O2 are tbutanol and water, respectively, which are environmentally much more friendly than CBA.
In more complex total syntheses, great care must be taken during retrosynthesis to ensure
that an oxidation step will not occur in the presence of other reactive functional groups.
This leads to roundabout synthetic designs or routes that must utilize a large number of
protecting groups that must then be deprotected. Both of these approaches significantly
decrease the overall yield of a total synthesis.

14

Scheme 2.1. Sulfoxidation of β-lactam derivatives for the synthesis of PS-5-type
antibiotics.11
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Oxidation of sulfides has also been widely employed in industry, the most general
application being in the removal of sulfide impurities from oil, known as oxidative
desulfurization.13 More selective and efficient oxidative methods can allow industrial use
of milder oxidants and conditions, allowing for the reduction of waste and toxic byproducts. A more specific application of sulfoxidation is in the synthesis of chiral
vinylglycine from methionine. Rapoport and Afzali-Ardakani reported a synthesis of (L)vinylglycine in 1980 with an overall yield of 54%, which stands so far as the highest
reported overall yield and therefore the most widely-used method for the synthesis of
vinylglycine.14-16 Chiral vinylglycine is useful as an enzyme inhibitor15,

17

and as a

derivative for amide functionality18 within enantiopure target organic molecules. As such,
vinylglycine is produced on industrial scale. With a mild, direct sulfoxidation of
methionine, it is possible to eliminate the necessity of protection/deprotection of both the
carboxylic acid and amine functional groups. Removing these steps greatly increases the
overall yield, atom economy, and decreases excessive waste in the production of
vinylglycine.
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16: R1,R2 = H
17: R 1 = Br, R 2 = H
810: R1,R2 = Cl
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Figure 2.2. ONS-type ligand and molybdenum (VI) dioxo complex structures.

The ONS ligand scaffold, shown in Figure 2.2, was reported by Topich and Lyon
for molybdenum (VI) cis-dioxo complexes.19-22 The previously-known complexes 16 and
17 have been shown to catalyze oxygen transfer to phosphines.19-20, 22 However, no further
investigations into useful transformation or applications of these complexes have been
reported. As the types of molybdenum dioxo complexes are known to be able to catalyze
oxygen transfer to sulfides8-9, we investigated the ability of these complexes for
sulfoxidation. Herein, we report the first synthesis, characterization, and reactivity of
MoVI(O)2(H2sal-eta) (16), MoVI(O)2(H2sal-eta-p-Br) (17), and MoVI(O)2(H2sal-eta-o,p-Cl)
(18). These catalysts are able to oxidize sulfides to sulfoxides with excellent yield and
selectivity, and are tolerant to the presence of various reactive moieties, such as carboxylic
acids, unprotected amines, and halides.
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2.2 Results and Discussion

2.2.1

Synthesis and Characterization
The synthesis of all three Mo(O)2(ONS) catalysts proceeded smoothly, providing

high yield of pure complexes. The desired ONS ligand can be synthesized directly from
the condensation of the corresponding salicylaldehyde derivative and cysteamine (2aminoethanethiol). As shown in Scheme 2.2, these ligands can oxidatively cyclize to the
thermodynamically stable five-membered dihydrothiazole. As the electron-withdrawing
character of the aromatic substituents increases, the amount of dihydrothiazole formed
increases when the ligand is used crude. The tridentate linear ONS ligand metallates
preferentially over the bidentate dihydrothiazole. This results in the precipitated complex
being obtained analytically pure by 1H NMR after simple filtration and washing.

h+
~OH
CHO

salicylaldehyde

H2N

~SH

cysteamine

MeOH

hOH
'{~SH
N
ONS-type ligand

OH

dihydrothiazole

Scheme 2.2. Synthesis of the ONS-type ligands and their dihydrothiazole side product.

Ligands 19, 20, and 21 are highly soluble in chloroform and acetonitrile, but their
molybdenum complexes are less soluble and only highly soluble in DMSO and DMF.
Therefore, 1H NMR analysis had to be conducted in DMSO. Metallation of ligand 7 saw
the disappearance of the phenolic peak (10.6 ppm) and thiol peak (2.6 ppm) as these
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functional groups were now deprotonated and coordinated to molybdenum. The inductive
effect from the coordinated molybdenum is strongest for the protons alpha to the nitrogen,
shifting each peak downfield approximately by 0.5 ppm. The protons alpha to the sulfur,
however, only shifted downfield by 0.2 ppm. Complexes 17 and 18, with bromide and
chloride aromatic substituents respectively, experience a lesser deshielding effect on the
protons alpha to the nitrogen, with a shift of approximately 0.3 ppm downfield. The protons
alpha to the sulfur for complexes 17 and 18 experience a greater effect from the
molybdenum, with downfield shifts of approximately 0.3 and 0.4 ppm, respectively.

Figure 2.3. ORTEP diagrams of complexes 16-18 crystal structures.
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Table 2.1. Crystallographic data.
16 a
17
18
formula
C12H16MoN2O4S
C12H15BrMoN2O4S C12H13Cl2MoN2O4S
MW
380.27
459.17
448.14
crystal system
triclinic
triclinic
triclinic
space group
-P 1 (No. 2)
-P 1 (No. 2)
-P 1 (No. 2)
a (Å)
9.2142(5)
6.6747(7)
6.6342(2)
b (Å)
9.4436(5)
10.323(2)
10.2269(3)
c (Å)
9.6497(6)
12.4535(12)
13.0152(4)
α (deg)
71.315(4)
71.815(12)
104.8790(10)
β (deg)
71.902(3)
75.447(6)
103.6770(10)
γ (deg)
72.655(4)
85.030(10)
95.779(2)
V (Å3)
737.44(8)
789.1(2)
816.90(4)
T (K)
295
150
150
λ (Å)
0.71073
1.54178
0.71073
ρ (g cm-3)
1.713
1.933
1.822
μ (mm-1)
1.044
11.158
1.822
transm coeff
0.111- 0.829
0.017- 0.410
0.063- 0.700
R (Fo)a
0.024
0.042
0.026
Rw (Fo2)b
0.0845
0.1354
0.0747
𝟐
aR = ∑‖𝑭 | − |𝑭 ‖/ ∑|𝑭 | for 𝑭𝟐 > 2𝜎(𝑭𝟐 ). bR = [∑ 𝒘(|𝑭𝟐 | − |𝑭𝟐 |) /
w
𝟎
𝒄
𝟎
𝒄
𝟎
𝟎
𝟎
𝟐 𝟏/𝟐

∑ 𝒘|𝑭𝟐𝟎 | ]
2.2.2

X-ray Crystallography Data
All complexes were grown as single crystals in a vapor diffusion chamber with

dimethylformamide and diethyl ether. The crystal structures are shown in Figure 2.3 as
ORTEP diagram, thermal ellipsoids at 50% probability with the H atoms omitted for clarity.
The crystal structures and their corresponding data include a coordinated DMF molecule.
The DMF is present from the conditions under which the crystals were grown and is not
present in the dry samples, which is evident from 1H NMR analyses. Catalyst 16 bond
lengths in Å: Mo-O1 =1.979, Mo-O2 = 2.341, Mo-O3 = 1.703, Mo-O4 = 1.694, Mo-N1 =
2.265, Mo-S1 = 2.41 1. Catalyst 9 bond lengths: Mo-O1 =1.986, Mo-O2 = 2.313, Mo-O3
= 1.715, Mo-O4 = 1.698, Mo-N1 = 2.265, Mo-S1 = 2.413. Catalyst 10 bond lengths: Mo-
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O1 =1.993, Mo-O2 = 1.702, Mo-O3 = 1.711, Mo-O4 = 2.298, Mo-N1 = 2.264, Mo-S1 =
2.410. The bond lengths calculated from the crystal structures of complexes 16-18 conform
to expected values for molybdenum (VI). The complete table of crystallographic data is
given in Table 2.1.

2.2.3

UV-vis Spectroscopy Data
UV-vis data was obtained by preparing a 0.2mM solution of catalyst 16 in

dimethylsulfoxide (DMSO). Maurya et al. had previously reported the H2sal-eta ligand has
UV-vis peaks at 215, 255, and 316 nm, which were assigned to φ→φ*, π→π*, and n→π*
transitions, respectively.23 Figure 2.4 shows the UV-vis spectrum of complex 16, which
exhibits two distinct peaks at 360 and 270 nm. The broad lower energy band at 360 nm can
be assigned to the now present ligand-to-metal charge transfer (LMCT)24 overlapping with
an n → π* transition of the ligand. The higher energy 270 nm peak still corresponds to the
π→π* of intraligand transitions.
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Figure 2.4. UV-vis of complex 16 taken at 25 °C in DMSO (0.2 mM). Peak maxima are
at 270 and 360 nm.
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2.3 Probing Catalyst Reactivity

Markovnikov

Anti-Markovnikov

Scheme 2.3. Oxidative amination of styrene by Maurya et al.

The analogous vanadium complex synthesized by Maurya et al. was successful in
achieving oxidative amination of styrene (Scheme 2.3) with selectivity toward the
Markovnikov product.23 Given the similarity of our catalysts to the vanadium complex, we
examined these oxidative amination reactions for our molybdenum derivatives.
Unfortunately, in variety of solvents, temperatures, and oxidants, only starting material was
observed. This gave us an important insight into our catalysts’ reactivity: they are
unreactive toward amines.
A common reaction for molybdenum catalysts with ONO-type catalysts is the
oxidation of olefins to epoxides.25 The simplest olefin to examine is styrene because of its
abundance and the olefin is activated from the benzene ring. We subjected styrene to a
variety of oxidizing conditions, solvents, and temperatures with our catalysts. However, no
styrene oxide was produced, and only starting material was observed. This led us to
conclude that our catalysts were unreactive toward olefins.
The other most common oxidation reaction for molybdenum dioxo complexes is
sulfoxidation.25 We initially probed these reactions with complex 16 and diethyl sulfide. In
our first reaction with diethyl sulfide and tert-butyl peroxide in acetonitrile with 1 mol%
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catalyst, we observed 100% conversion of the sulfide into product, with 97% sulfoxide and
3% sulfone. From this success, we chose to focus on further developing these sulfoxidation
reactions. An example of the crude 1H NMR from a later reaction is shown in Figure 2.5
and demonstrates the cleanness of the reaction and ability to identify the products using
this method.

KC-01-257.1.fid

26

Hl standard parameters, CDCIJ, QNP probe.
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t-BuOOH, CDCl3, RT, 30 min
22
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2.4 Sulfoxidation
2.4.1

Substrates and scope of reaction
Development of the reaction methodology was done with diethyl sulfide as a

substrate representative. It should be noted that all Mo(O)2(ONS-type) catalysts are
sparingly soluble in most common organic solvents, with the exception of DMSO and
DMF. Therefore, each reaction has at least two phases: solid, suspended catalyst and
organic substrate. For solvents the organic substrates are insoluble in, for example diethyl
sulfide in water, the reaction becomes triphasic. As seen in Table 2.2, organic, aprotic
solvents performed best when paired with tBuOOH, whereas H2O performed best with
H2O2. Although the reaction is not selective when performed neat with H2O2, it is selective
with tBuOOH, as the organic peroxide can act as a solvent for the substrate. Both of these
conditions, H2O2 in water and tBuOOH neat without solvent, are noteworthy because they
are “green,” eliminating the need to use volatile and toxic organic solvents.26
It was possible to obtain over 90% sulfoxide yields with organic solvent and water
(entries 1, 3, and 7). However, for water insoluble sulfides, a slight excess of H2O2 was
needed to drive the reaction further (entries 6 and 7). As shown later, this is not necessary
for water soluble sulfides. This eliminates the possibility of loss of H2O2 to O2 and H2O by
the molybdenum catalyst. This environmentally friendly, or "green”, condition was tested
with other simple sulfides to investigate the scope of applicability. Table 2.3 summarizes
these results. Simple dialkyl substrates are tolerant of the green conditions. However, the
aromatic sulfide did not react at all, and only the starting sulfide was observed by NMR
after 8 hours. Therefore, it was unsurprising that thiophene was also inert to these reaction
conditions. It is unclear why(chloromethyl)(methyl)sulfide (Table 2.3, entry 4)
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decomposed under the reaction conditions. However, by NMR, there were no peaks
corresponding to the sulfide, sulfoxide, sulfone, or hydrolysis derivatives. The peaks that
were observed could not be assigned to any known, reasonable product. This substrate was
successfully oxidized using conditions discussed later.

Table 2.2. Methodology investigations with diethyl sulfide and catalyst 16.

Entry Solvent

Peroxide

1

CD3CN leq tBuOOH

2

CD3CN

3

Sulfoxide (¾t Sulfone (¾t
97

3

leq H20 2

45

29

CDCl3

leq tBuOOH

98

2

4

CDCl3

leq H20 2

79.8

6.2

5

D20

leq tBuOOH

27

10

6

D20

leq H20 2

72

7

D20

1.2eq H20 2

94

8

none

leq H20 2

62

37

9

none

leq tBuOOH

98

2

10

EtOD

leq H20 2

64

36

a) Determined by NMR using diphenylmethane as an internal
standard; remaining percents were unreacted sulfide.
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Table 2.3. Substrate compatibility under green reaction conditions with catalyst 16.

sulfide

+

Entry
1

1.2 eq H 2 O 2
Sulfide
Et2 S

catalyst 16 (1 mol¾)
D 2 O, lh, RT
Sulfoxide (¾t

sulfoxide

Sulfone (%)a

94

3

-0-s,
s

4

Cl.,...........__S/

unknown product

5

thiophene

no reactionc

2

tBu.,.... ......._

no reaction
g7b

a) Determined by NMR using diphenylmethane as an internal
standard; remaining percents were unreacted sulfide. b) Was only
32% complete after 1 hour, so this entry was run for 5 hours.
c)No reaction after 6 hours.

Due to the narrow scope of the hydrogen peroxide conditions with catalyst 16, we
turned our attention back to high yielding organic solvents. Table 2.2 (entries 1 and 3)
shows acetonitrile and chloroform as the best candidates. Further substrate testing with
both solvents revealed chloroform was a superior choice for higher yields over a wider
variety of substrates. Four simple organic sulfides were subjected to the
chloroform/tBuOOH reaction cond itions with each molybdenum catalyst. The results are
shown in Table 2.4. All catalysts performed equally with all substrates, with the exception
of a small drop in the conversion of (chloromethyl)(methyl)sulfide with catalyst 17 (entry
8). The excellent conversion for the oxidation of (chloromethyl)(methyl)sulfide is of
particular importance as this sulfide is a model compound for sulfur mustard, which is a
highly toxic chemical warfare agent. It is critical for the oxidation of sulfur mustards to be
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selective for the sulfoxide without overoxidation to the sulfone as the sulfone derivatives
are nearly as toxic as the parent compounds.27

Table 2.4. Substrate testing with the three Mo(O)2(ONS-type) catalysts.
fumy Catalyst

Sulfidea

Sulfoxide (%)b

Sulfone (%)b

1

16

2

16

3

16

-0-s,
s
tBu,.... . . . ._

99

1

4

16

CI ............... S/

98

1

5

17

Et2 S

99.8

0.2

6

17

-0-\

100

7

17

tBu,.... s . . . ._

98

8

17

CI ............... S/

72

Et2 S

9

18

10

18

-0-\

11

18

tBu,.... s . . . ._

12

18

CI ............... S/

Et2 S

98

2

100

99.9

2

0.1

100

99.9

0.1

99

1

a) All reactions were performed with 1 mol% catalyst in CDC13
with tBuOOH (leq) at room temperature for 30 minutes. b)
Determined by NMR using diphenylmethane as an internal
standard; remaining percents were unreacted sulfide.
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Three controls were performed for the sulfoxidation reaction. First, the reaction was
performed in the absence of catalyst. Although sulfides will oxidize in the presence of an
equimolar amount of peroxides, they must stir at least overnight or longer, and under
noncatalytic conditions do not show selective oxidation. This slow oxidation is in stark
contrast to the rapid 5-30 minute completion times in the presence of Mo(O)2(ONS-type)
catalysts. Second, the reaction was performed in the absence of peroxide to verify that it
was indeed the peroxide, not oxygen from the atmosphere that was participating in the
reaction. Finally, an equimolar amount of peroxide was allowed to stir with catalyst 16 for
1 hour (longer than the length of most reactions), at which point it was analyzed by 1H
NMR to determine whether the sulfur on the ligands of the catalysts are oxidized at all,
thereby potentially changing the active catalyst species. However, there was no change in
the NMR, particularly focusing on those protons alpha to the sulfur, so it can be concluded
that the ligand structure is not affected by the presence of peroxide. It is probable that the
peroxide instead changes the structure of the catalyst at the oxo moieties, resulting in an
oxo-peroxo structure. These types of structures have been observed with other
molybdenum dioxo catalysts in the presence of peroxides.28-29
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2.4.2

Achiral Sulfoxide Intermediates in Total Synthesis

R~SPh
)---~R2
O

;i

SPh

=====:>

14

H

O

22

0

24

23
0

22

+

tBuOOH

catalyst 16 (1 mol¾)
CDC13 , RT, 30 min

;i~Ph
O

25

61%

Ph~u
0

24

+

tBuOOH

catalyst 16 (1 mol¾)
CDC13 , RT, 90 min

26
100%

Figure 2.6. Model sulfides and the structures from which they were derived.

Encouraged by our initial results, we sought to broaden the substrate scope by
examining more useful substrates from a synthetic viewpoint. Sulfoxides are used in
organic synthesis for the Mislow-Evans rearrangement.10 In these preparations, it is
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necessary to oxidize the sulfide to the sulfoxide. As such, it is extremely useful to have a
mild oxidation reaction that is tolerant of various functional groups to eliminate the need
for protecting groups, which increase the number of linear steps required in a synthetic
sequence. Figure 2.6 shows two sulfides (14 and 23) used as precursors for the MislowEvans rearrangement in total synthesis preparations10 and their respective simplified model
substrate structures. Only catalyst 16 was tested since all three catalysts have nearly
identical reactivity. Both substrates 22 and 24 were successfully oxidized to their sulfoxide
counterparts with catalyst 16. Substrate 24 was only converted to 85% sulfoxide (26) in 30
minutes using the optimized conditions; however, after reacting for 90 minutes, no
remaining sulfide was present and 100% conversion to the sulfoxide was observed by 1H
NMR. Substrate 22 was synthesized from 4-acetoxy-2-azetidone according to literature
procedure.30 Resulting sulfide 22 was converted to corresponding sulfoxide 25 in 61%
yield under our standard reaction conditions.

2.4.3

Sulfoxide Pyrolysis in the Synthesis of Vinyl Glycine

Rapoport et al. Synthesis of (R)-vinylglycine:
0
HO

s....._

NH2
D-methionine

1.(CH3},C(OCH3},
HCI 95%

2. BnO2CCI, NaHCO3
H2O/EtOAc, 90%

0

Meo

~
NHCbz

27

s....._

0
0
NalO
~11
1. 148oC,3mmHg, 80%
~ Meo
s....._ - - - - - - - - 2. 6N HCI, 88%
ooc, 95%
NHCbz
(R)-vinylglycine hydrochloride
28
Reported overall yield 14 = 54%

Our Synthesis of Sulfoxide Precursors:
0
0
O
0
II
S BnO2CCI, NaHCO3
11
~ S Mo(Oh(H 2sal-eta) (1 mol%), H2O2
II
MeO
:
....._ - - - - - - - - - - - ~ MeO~S....._
MeO~'
NH 2
H2O/EtOAc, 98%
NHCbz
MeOH, RT, 30 min, 100%
NHCbz

V

U

Scheme 2.4. Literature procedure for the synthesis of chiral vinylglycine14
compared to our synthesis (in red).
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The next substrate we tested to examine the versatility and tolerance of catalyst 16
was D-methionine. The first attempt to oxidize D-methionine was done using the optimized
CDCl3 conditions that were successful for all previous organic substrates. However, no
reaction was observed with these conditions. Upon examination of the reaction vessel, the
reason became apparent. D-methionine is not soluble in chloroform, resulting in a
suspension of the substrate. As we had previously noted, the reaction works best when the
substrate is dissolved in the liquid phase. From the experiments performed during
optimization, we noted that reaction conditions with hydrogen peroxide, "green
conditions," could work with varying degrees of success, depending on the substrate.
Therefore, we decided to test the reaction in D2O and H2O2 with D-methionine. With these
conditions, 100% of D-methionine was converted to the sulfoxide in 30 minutes. The 1H
NMR showed that the catalyst was unreactive toward the carboxylic acid and free amine.
This result has promising applications. Researchers trying to perform sulfoxidations late in
total synthesis preparations could use this methodology to achieve direct sulfoxidation
from sulfides without the need to protect and deprotect various functional groups on their
compounds, thus simplifying their total synthesis and increasing their overall yield. More
specifically, the successful direct oxidation of D-methionine could greatly improve the
current method for the preparation of (R)-vinylglycine if the unprotected sulfoxide can be
cleaved to give (R)-vinylglycine directly. Various literature procedures for the direct
cleavage of sulfoxides14, 31-34 have proven unsuccessful thus far for this direct cleavage.
Unable to achieve the direct cleavage of D-methionine sulfoxide, we sought to improve
upon the total yield of the synthesis of vinyl glycine reported by Rapoport (Scheme 2.4)
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and provide a more benign alternative to using NaIO4 by using our sulfoxidation procedure.
Indeed, we were able to convert 27 to the corresponding sulfoxide (28) quantitatively.

2.5 Catalyst Recyclability
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Figure 2.7. Recyclability of Mo(O)2(H2sal-eta) with methyl p-tolyl sulfide.

Finally, the recyclability of complex 16 was tested. As this complex did not
hydrolyze in glacial acetic acid over 5 days, we expected low catalyst deactivation and
therefore good recyclability. First, a basic sulfoxidation reaction was performed with
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methyl p-tolyl sulfide (run 1). For this reaction, the catalyst loading was decreased to 0.5
mol% in order to slow down the reaction so that consistent NMR data could be obtained
over a longer reaction time. All other reaction parameters followed the standard
sulfoxidation reaction protocol. The reaction was stirred at room temperature for 90
minutes, with points taken every 5 minutes for the first 30 minutes, then every 20 minutes
for the remaining time. After 90 minutes most of the catalyst had dissolved, and the reaction
was filtered to remove the remaining insoluble catalyst. This supernatant was then
subjected to another sulfoxidation reaction (run 2) with an additional equivalent of sulfide
and oxidant, without the addition of any more catalyst. As shown in Figure 2.7, the catalyst
remaining in solution from run 1 was still highly active, with total conversion only
dropping to 85% in run 2 from 97% conversion at the end of run 1. The insoluble catalyst
that was isolated after run 1 was filtered and dried to yield 1.2 mg. A third sulfoxidation
reaction (run 3) was scaled so that the 1.2 mg of insoluble catalyst was also 0.5 mol%. It is
evident from the data, shown in Figure 2.7, that this insoluble catalyst is no longer useful
as an active catalyst. Therefore, it can be concluded that the soluble homogenous complex
is the active catalyst, and that this soluble complex retains most of its reactivity between
subsequent reactions.
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2.6 Conclusion
We have synthesized three molybdenum (VI) cis-dioxo catalysts based on the
H2sal-eta ancillary ligand and confirmed their structures. It has been shown that all three
of these catalysts are able to selectively oxidize substituted sulfides to sulfoxides quickly,
selectively, with low catalyst loading (0.5 mol%), and in excellent yields. These catalysts
are air and water stable, allowing them to be stored for months without evidence of
decomposition. These catalysts are tolerant of olefins, free amines, amides, and halogens.
Sulfoxidation in the presence of chlorine allows this catalyst to be used for the
neutralization of mustard gas, and other similar compounds. With Mo(O)2(H2sal-eta), we
have been able to achieve direct, quantitative, green oxidation of D-methionine without the
need for protecting groups. The successful cleavage of the sulfoxide group to the
vinylidene would drastically increase the overall yield in the production of (R)vinylglycine. As demonstrated by our model substrate studies, this sulfoxidation method
can also be applied to the total synthesis of useful compounds that employ achiral sulfoxide
intermediates, which has the potential to simplify the total synthesis of various compounds,
significantly increasing their overall yield and decreasing the cost of production. Our
recyclability investigations have also shown that these catalyst types are durable, allowing
them to retain most of their activity through successive reactions.
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2.7 Experimental
2.7.1

Materials
All NMR and kinetics experiments were performed on a Bruker ARX400 NMR.

Elemental analyses were performed by Atlantic Microlab, Inc. UV-vis experiments were
performed in DMSO with an Agilent Technologies Cary 60 UV-vis instrument, coupled
with a Quantum Northwest Temperature control unit, and using a 1 cm quartz cell. IR
measurements were taken using a Thermo Nicolet Nexus FT-IR. EI mass spectrometry was
performed by the interdepartmental mass spectrometry facility at Purdue University.

2.7.1.1 General Sulfoxidation Procedure
To a 20 mL vial was added MoVI (O)2L (1 mg, 0.01 equivalents), sulfide (1
equivalent), CDCl3 (1 mL), and diphenylmethane as an internal NMR standard. To this
stirred suspension, tBuOOH (5M in decane, 1 equivalent) was added. The reaction was
capped and stirred at room temperature under ambient atmosphere for 30 minutes, at which
time the reaction solution was analyzed by NMR.

2.7.1.2 General Ligand Synthesis23
The appropriate salicylaldehyde (1 eq) and 2-aminoethanethiol (1 eq) were stirred
in MeOH (1.3M) for three days at room temperature. The reaction was allowed to sit in the
freezer until the precipitate had formed. The product was filtered, washing with cold
MeOH, and dried. The product was used without further purification.35
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2.7.1.3 Ligand 19
Salicylaldehyde (1.4 mL, 13.138 mmol); 2-aminoethanethiol (1.013 g, 13.138
mmol); isolated 2.38 g (64%), including cyclized side product.

2.7.1.4 Ligand 20
5-bromosalicylaldehyde (2.606 g, 12.962 mmol); 2-aminoethanethiol (1.0 g,
12.962 mmol); isolated 1.50 g (44%), including cyclized side product.

2.7.1.5 Ligand 21
3,5-dichlorosalicylaldehyde (2.476 g, 12.962 mmol); 2-aminoethanethiol (1.0 g,
12.962 mmol); isolated 2.75 g (85%), including cyclized side product.

2.7.1.6 Synthesis of cis-MoVI (O)2(H2sal-eta) (16)
The complex was prepared by dissolving ligand 19 (1.206 g, 6.654 mmol) and
Mo(O)2(acac)2 (2.170 g, 6.654 mmol) in acetonitrile (40 mL) to make a yellow solution.
Slightly heating the reaction solution at approximately 35oC immediately gave a bright
orange-red precipitate. The reaction was allowed to stir for 15 minutes to ensure complete
metallation. The resulting suspension was cooled to room temperature, filtered, washed
with acetonitrile and hexane, and dried under vacuum to give pure product (1.880 g, yield
92%). 1H NMR (DMSO-d6): δ (ppm) = 8.79 (s, 1H, imine =C-H), 7.59 (d, J = 7.6 Hz, 1H,
Ar), 7.49 (t, J = 6.9 Hz, 1H, Ar), 6.97 (t, J = 7.5 Hz, 1H, Ar), 6.86 (d, J = 8.3 Hz, 1H, Ar),
4.15 (t, J = 5.5 Hz, 2H, N-CH2), 3.15 (t, J = 5.8 Hz, 2H, S-CH2). IR (cm-1): ν(C=N) 2931,
2911, 1625, 1557, 1453, 1278, 1068, 923; ν(Mo=O) 904, 845. Elemental analysis for
C9H9MoNO3S : calculated C, 35.19; H, 2.95; N, 4.56; S, 10.44. Found: C, 35.27; H, 2.96;
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N, 4.64; S, 10.41. ESI-MS: m/z 309. CI-MS (M+H): m/z 310. Crystals were isolated as
yellow prisms from vapor diffusion with dimethylformamide and diethyl ether.

2.7.1.7 Synthesis of cis-MoVI (O)2(H2sal-eta-p-Br) (17)
Ligand 20 (500 mg, 1.922 mmol) and equimolar Mo(O)2(acac)2 were dissolved in
acetonitrile (10 mL) to make a bright yellow solution. The reaction began to proceed at
ambient temperature, but was gently heated at approximately 35oC, which greatly increased
the reaction rate. As the reaction progressed, bright orange precipitate formed. The reaction
suspension was cooled to room temperature, filtered, washed with acetonitrile and cold
methanol, and dried under vacuum to give the pure product (680 mg, yield 92%). 1H NMR
(DMSO-d6): δ (ppm) = 8.75 (s, 1H, imine =C-H), 7.80 (d, J = 2.6 Hz, 1H, Ar), 7.60 (dd, J
= 8.8, 2.6 Hz, 1H, Ar), 6.85 (d, J = 8.8 Hz, 1H, Ar), 4.14 (t, J = 5.4 Hz, 2H, N-CH2), 3.18
(t, J = 5.8 Hz, 2H, S-CH2). Elemental analysis for C9H8BrMoNO3S : calculated C, 28.00;
H, 2.09; N, 3.63; S, 8.30; Br, 20.70. Found: C, 28.58; H, 2.11; N, 3.87; S, 8.31; Br, 20.24.
ESI-MS (M+): m/z 387. CI-MS (M+H): m/z 388. Crystals were isolated as yellow needles
from vapor diffusion with dimethylformamide and diethyl ether.

2.7.1.8 Synthesis of cis-MoVI (O)2(H2sal-eta-o,p-Cl) (18)
Ligand 21 (500 mg, 1.999 mmol) and equimolar Mo(O)2(acac)2 were dissolved in
acetonitrile to make a bright yellow solution. The reaction was gently heated at
approximately 40oC. The solution turned dark, but no precipitate was observed, so pyridine
(161 μL) were added. Precipitate immediately began to form, and the reaction was allowed
to stir for 1 hour. The resulting suspension was cooled to room temperature, filtered,
washed with acetonitrile and cold methanol, and dried under vacuum to give pure product
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(448 mg, yield 60%). 1H NMR (DMSO-d6): δ (ppm) = 8.80 (s, 1H, imine =C-H), 8.58 (d,
J = 4.6 Hz, 1H, Ar), 7.82 (d, J = 2.7 Hz, 1H, Ar), 7.71 (d, J = 2.7 Hz, 1H, Ar), 4.18 (t, J =
4.9 Hz, 2H, N-CH2), 3.24 (t, J = 5.8 Hz, 2H, S-CH2). Elemental analysis for
C9H7Cl2MoNO3S complexed to DMF (C3H7NO) : calculated C, 32.09; H, 3.14; N, 6.24;
S, 7.14; Cl, 15.78. Found: C, 32.43; H, 2.78; N, 5.99; S, 7.32; Cl, 15.62. ESI-MS (M+):
m/z 377. CI-MS (M+H): m/z 378. Crystals were isolated as yellow needles from vapor
diffusion with dimethylformamide and diethyl ether.

2.7.1.9 Synthesis of (cyclohexylmethyl)(phenyl)sulfane (24)36
Small pieces of sodium metal (21 mg, 0.91 mmol) was stirred in ethanol at room
temperature to form NaOEt. Once the sodium metal had dissolved, thiophenol was added
and allowed to stir 30 minutes at room temperature for full deprotonation. Then,
(bomomethyl)cyclohexane (127 μL, 0.91 mmol) was added and the reaction was stirred
overnight at room temperature. The reaction was quenched by the addition of water. The
crude product was extracted with dicholormethane, and the combined extracts were dried
over Na2SO4, and concentrated. The crude product was purified via column
chromatography to give the target product as a colorless oil (146 mg, 78%). Compound
matched literature records.

2.7.1.10

Synthesis of 4-(phenylthio)azetidin-2-one (25)37

Thiophenol (334 μL, 3.253 mmol) and 4-acetoxy-2-azetidinone (200 mg, 1.549
mmol) were dissolved in an acetone:water mixture (10 mL, 3:2). To this solution was added
NaHCO3 (521 mg, 6.196 mmol). The reaction was stirred vigorously overnight at room
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temperature. The product was isolated through sequential recrystallization from
dichloromethane/hexane (125 mg, 45%). Compound matched literature records.

2.7.1.11

Synthesis of methyl (tert-butoxycarbonyl)-L-methioninate (27)

L-methionine methyl ester hydrochloride was purchased from Sigma Aldrich and
used without further purification.
A biphasic solution of L-methionine methyl ester hydrochloride (0.5 g, 2.504 mmol)
and sodium bicarbonate (1.052 g, 12.519 mmol) was prepared in water (5 mL) and EtOAc
(12.5 mL). The solution was cooled to 0⁰C and benzyl chloroformate (391.5 µL, 2.754
mmol) was added dropwise to the stirring reaction. The reaction was stirred at 0⁰C for 1
hour, then at ambient temperature for 18 hours. The organic layer was isolated, washed
with 1M HCl, then washed with water. The organic layer was dried over Na2SO4 and
concentrated to afford a colorless oil (730 mg, 2.455 mmol, 98%). If desired, this oil can
be crystallized from petroleum ether by layering the petroleum ether on the oil and allowing
it to sit in the refrigerator for approximately 2 weeks. However, this is unnecessary as the
oil is pure by NMR. The 1H NMR spectrum agreed with the reported literature.14
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CHAPTER 3.

3.1

SULFOXIDATION KINETICS

Introduction
Sulfoxides are broadly used in a variety of applications, including biologically

active compounds, carbon-carbon bond formation, carbon-heteroatom bond formation,
addition reactions, rearrangements, Diels-Alder cycloadditions, purification of sulfides,
and many others1-2. The diversity of sulfoxide uses has made the selective synthesis of
sulfoxides from sulfides an area of research targeted by many researchers1,

3-5

.

Molybdenum has been an attractive choice for these targeted catalytic transformations3, 5-6
as it is more environmentally-friendly and less inexpensive than many other transition
metals, making it a good choice for industrial applications4. Therefore, it has been a
continuous endeavor to develop new molybdenum oxidation catalysts for sulfoxidation.
The previous chapter discussed the synthesis of the three molybdenum (VI) cis-dioxo
catalysts (Figure 3.1) and their reactivities in sulfoxidation reactions. It is these catalysts
that will be the focus of a kinetic investigation.7
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16: R1,R 2 = H
17: R 1 =Br, R2 = H
18: R1,R 2 = Cl

Figure 3.1. Structure of catalysts 16-18.

Topich and Lyon have investigated the kinetics of these complexes for the noncatalytic oxidation of phosphines via oxygen abstraction from the molybdenum (VI)
center.8 Their work resulted in the formation of a mono-oxo molybdenum (IV) species.
The phosphine oxidation reaction was found to be first order in phosphine, while the overall
reaction was second order. We expected similar findings for our reaction system. The major
differences are that the sulfoxidation reactions are performed catalytically and due to that,
our reactions use peroxide as an oxygen source. The use of peroxide prevented us from
performing pseudo-first-order conditions, as excessive peroxide creates such an extremely
oxidative environment that the reaction is altered with the sulfide oxidizing completely to
the sulfone and no longer being oxidized selectively or catalytically to the sulfoxide.
However, the use of peroxide in the presence of a molybdenum (VI) allowed us to assume
that our reactive intermediate is a molybdenum (VI) oxoperoxo species. The formation of
these reactive moieties has been shown previously in the literature.9-13 Most notably,
Bagherzadeh and co-workers11-12 and Maiti and co-workers10 were able to isolate and
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obtain crystal structures from these reactive species. In this chapter, we examine the kinetic
data and mechanistic implications for these catalysts.

3.2

Experimental

3.2.1

Materials
All experiments were performed using commercial reagents, under ambient

atmosphere and pressure. Diphenylmethane (DPM), methyl p-tolyl sulfide (MPT), t-butyl
methyl sulfide (TBM), and t-butyl hydroperoxide (tBuOOH) were purchased from Sigma
Aldrich and used as received. NMR experiments were carried out on a Bruker
ARX400MHz spectrometer, using a QNP probe at room temperature. Data sets were
plotted and analyzed using KaleidaGraph 4.1.

3.2.2

General Sulfoxidation Procedure for Obtaining Kinetic Data
A stock solution of sulfide and diphenylmethane (internal standard) was prepared

in CHCl3. Separately, a stock solution of catalyst was prepared in DMF. Immediately
before the zero point was taken, tBuOOH was added to the stock sulfide solution, shaken
to homogenize, and 1mL of the solution was syringed into an NMR tube and the zero point
was taken. Then, the appropriate amount of catalyst solution was added to the tube via
pipette. The NMR tube was capped and placed in a shaker, with points taken every 5
minutes.
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3.3 Results and Discussion

3.3.1

Catalytic Activity
Based on our experiments, we were able to calculate the turnover number and

turnover frequency for each catalyst. The turnover numbers and frequencies for catalysts
1, 2, and 3 are given in Table 3.1. The difference between turnover frequencies between
catalysts and substrates is negligible.

Table 3.1. Calculated turnover frequencies.a
Catalyst
1
1
2
2
3
3

Substrate
TBMc
MPTd
TBM
MPT
TBM
MPT

TOFa,b (s-1)
0.14
0.13
0.14
0.12
0.13
0.12

a) calculated from the 1200s point from kinetic
experiments. b) turnover frequency (TOF) c) t-butyl
methyl sulfide d) methyl p-tolyl sulfide

3.3.2

Fate or modification of catalyst
Although initially mostly insoluble, the various catalysts dissolve over the course

of a reaction. As reaction time increases, less catalyst remains suspended. It was therefore
suspected that a structural change to the catalysts may be occurring as a result of interaction
with the peroxide or sulfide. Catalyst 1 was examined to determine if these changes were
taking place. The first test was to determine if the ligand was being oxidized by the
peroxide. The catalyst was stirred for thirty minutes with tert-butyl hydroperoxide
(tBuOOH) and then analyzed by 1H NMR. There was no change in the H2sal-eta ligand
structure. However, due to the obscuring nature of the decane in the commerical tBuOOH
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solution, no accurate information could be obtained relating to any changes in the peroxide
structure. The second test was performed with the catalyst and sulfide to determine if the
sulfide formed an intermediate structure with the catalyst. The sulfide and catalyst were
stirred for thirty minutes and then analyzed by 1H NMR. There was no shift in either the
ligand protons or sulfide protons, indicating that the sulfide does not coordinate directly to
the molybdenum center or through one of the oxo moieties of the un-modified catalyst.

3.3.3

[Mo(Oh]

Kinetics

+

tBuOOH

[Mo-peroxo]

[PhSMe]

0

tBuOOH

+

Mo(Oh

+

II
PhSMe

Scheme 3.1. Sulfoxidation reaction and intermediates.

Breaking down the catalyzed reaction into two steps: activation of the catalyst and
oxidation of the substrate, shows each step for which a rate could be investigated (Scheme
3.1). The first proposed step of the reaction involves activation of the catalyst by the
peroxide to form an active catalyst species. The reaction of molybdenum dioxo species
with peroxides to form active molybedum oxoperoxo complexes has been widely shown.12,
14-16

The observed rate of reaction was dependent on the catalyst loading (Figure 3.2). This

was critical to running the remaining kinetics since the reactions were too fast with the
standard 1 mol% catalyst to allow for consistent kinetic data collection on an NMR time
scale. Dropping the catalyst to 0.5 mol% decreased the reaction rate enough to collect
reproducible data. However, the rate dependency on catalyst loading was not linear as we
had assumed it would be. Instead, there appeared to be a logarithmic dependence of the

54
observed rate on catalyst concentration (Figure 3.3). As only three data points were
available, it is likely that the data point for 0.125 mol% catalyst loading is an outlier. This
could be due to any deactivation over the course of the reaction having a more pronounced
effect at this small concentration, thus skewing the data. The data fit to second order
kinetics, although not perfectly (Figure 3.2), as our reaction concentrations of [sulfide] =
[tBuOOH] forced simulated second order conditions. Unfortunately, we could not vary the
peroxide concentration by using an excess of peroxide as excessively oxidizing conditions
overwhelm the catalyst and take over as the primary oxidation pathway, resulting in nonselective and over-oxidation.

0.5 mol% catalyst

1/[sulfide]

Mo(O)2(ONS)
methyl p-tolyl sulfide
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

0.25 mol% catalyst
0.125 mol% catalyst

y = 7.39E-04x + 2.26E-01
R² = 9.84E-01
y = 4.45E-04x + 3.44E-01
R² = 9.91E-01

y = 2.04E-05x + 3.45E-01
R² = 8.84E-01
0

500

1000

1500

2000

Time (seconds)

Figure 3.2. Rate (M-1 s-1) of reaction as catalyst loading is varied.

55

Initial Rate vs. Catalyst Loading
0.006

Initial Rate (Ms-1)

0.005
0.004

1.63
0.81

0.003
0.002

y = 0.0033ln(x) + 0.0032
R² = 0.9997

0.41

0.001
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Catalyst Loading (mM)

Figure 3.3. Apparent logarithmic dependence of rate on catalyst concentration (black).
Linear trendline (red) if low catalyst concentration is an outlier.

Directly comparing the rates for TBM (Figure 3.4) and MPT (Figure 3.5), we can
see TBM is an order of magnitude slower than MPT for each catalyst. This is likely due to
the increase steric effect from the t-butyl group compared to the tolyl group. The data for
MPT shows a small, but consistent, decrease in rate as more halogens are added to the
ligand's phenolic moiety. The decrease in rate is still present in TBM, but the changes are
minute. This can be reasonably explained because any steric effect from the substrate is
greater than electronic changes in the catalyst. Therefore, with a large t-butyl group, the
observed electronic effect is diminished due to the stronger steric interactions. With a
sterically negligible tolyl group, the electronic effect is more pronounced.
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Kinetics for t-butyl methyl sulfide
4.5
4

1/[sulfide]

3.5
3

□ 16

2.5

6 17

2

•

18

1.5
1
0.5
0
0

500

1000

1500

2000

time (s)

Figure 3.4. Kinetics for Mo(O)2(ONS-type) catalysts (0.5 mol%) with t-butyl methyl
sulfide. Rate (M s-1) for 16 = 1.70x10-3 ± 1.5x10-4, 17 = 1.75x10-3 ± 1.3x10-4, 18 =
1.05x10-3 ± 8.6x10-5.

Kinetics for methyl p-tolyl sulfide
2.5

1/[sulfide]

2
□ 16

1.5
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Figure 3.5. Kinetics for Mo(O)2(ONS-type) catalysts (0.5 mol%) with methyl p-tolyl
sulfide. Rate (M s-1) for 16 = 8.69x10-4 ± 5.9x10-5, 17 = 7.26x10-4 ± 2.9x10-5, 18 =
6.61x10-4 ± 2.7x10-5.
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−𝑑[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]
𝑘1 𝑘2 [𝑀𝑜]𝑡𝑜𝑡𝑎𝑙 [𝑠𝑢𝑙𝑓𝑖𝑑𝑒][𝑡𝐵𝑢𝑂𝑂𝐻]
=
𝑑𝑡
𝑘−1 + 𝑘2 [𝑠𝑢𝑙𝑓𝑖𝑑𝑒] + 𝑘1 [𝑡𝐵𝑢𝑂𝑂𝐻]
Equation 3.1. Steady state rate equation for sulfoxidation reaction.

−𝑑[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]
≈ 𝑘1 [𝑀𝑜]𝑡𝑜𝑡𝑎𝑙 [𝑡𝐵𝑢𝑂𝑂𝐻]
𝑑𝑡
Equation 3.2. Simplified steady state equation if k2 >> k1 and k-1.

−𝑑[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]
≈ 𝑘2 [𝑀𝑜]𝑡𝑜𝑡𝑎𝑙 [𝑠𝑢𝑙𝑓𝑖𝑑𝑒]
𝑑𝑡
Equation 3.3. Simplified steady state equation if k1 >> k-1 and k2.
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−𝑑[𝑠𝑢𝑙𝑓𝑖𝑑𝑒]
≈ K1 𝑘2 [𝑀𝑜]𝑡𝑜𝑡𝑎𝑙 [𝑠𝑢𝑙𝑓𝑖𝑑𝑒][𝑡𝐵𝑢𝑂𝑂𝐻]
𝑑𝑡
Equation 3.4. Simplified steady state equation if k-1 >> k1 and k2, where K1 = k1/k-1.

The various steps shown in Scheme 3.1 can be used to write a steady state rate
equation (Equation 3.1) against which our data can be better analyzed. Upon examination
of the rate of consumption of sulfide, the observed reaction rate appears to be second order
(Figure 3.4 and Figure 3.5) due to the simulated second order conditions discussed
previously. However, when the concentration of the sulfide was doubled, the rate
increased, though it did not double or quadruple. Therefore, we can conclude that this
reaction is not second order in sulfide. This also ruled out the possibility of k2 being the
rate-limiting step, as the reaction would be zero order in sulfide (Equation 3.2). If k1 is the
rate-limiting step, the result would give a reaction with first order in total molybdenum and
sulfide (Equation 3.3). However, this does not fit the data we observe. The final option is
if k-1 much larger than either k1 or k2. This would result in a reaction with first order in
total molybdenum, sulfide, and tBuOOH (Equation 3.4). Due to the reaction being first
order in both sulfide and tBuOOH, for conditions where [sulfide] = [tBuOOH], apparent
second order kinetics would be observed. This is the trend we see in the data, therefore, we
concluded k-1 must be the largest rate constant.
To probe this hypothesis, we attempted to determine the reaction order different
ways. First, we used the first three points in a reaction to find the initial reaction rates.
These initial rates were then plotted against the catalyst loading (Figure 3.6).
Unfortunately, one key feature that was inconsistent with this type of plot was that the line
fit did not pass through the origin. Therefore, we decided to instead look at catalyst activity
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versus the initial concentration of the catalyst. By plotting the log of catalyst activity versus
the log of the initial catalyst concentration, we should obtain a line passing through the
origin, whose slope is the reaction order. However, once again, the line did not pass through
the origin (Figure 3.7). The absence of trendline passing through the origin for either graph
suggests an inconsistency. This, coupled with the non-linear data in Figure 3.3, supports
the prior hypothesis that something is occurring at low catalyst concentration to prevent
good linear fits of the data. This could be due to sluggish solubility skewing the data or any
potential catalyst deactivation having a more profound impact on the data at low total
concentrations.

Initial Rate vs. Catalyst Loading
0.006

Initial Rate (Ms-1)

0.005
0.5

0.004
0.25

0.003
0.002

y = 0.0117x - 0.0009
R² = 0.9704

0.125

0.001
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Catalyst Loading (mol%)

Figure 3.6. Plot of the initial reaction rates versus the catalyst loading for that reaction.
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Log(Activity) vs. Log([Initial Catalyst])
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•

0
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Figure 3.7. Plot of the log of catalyst activity versus the log of the initial catalyst
concentration.
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3.4

Conclusion
Based on our results, we were not able to definitively determine a reaction order

for this sulfoxidation reaction. As the data does not fit first order kinetics well and generally
conforms to second order plots, we propose that the reaction is likely second order.
However, attempts to confirm this with plots of initial rate versus catalyst loading and
log(activity) versus log(initial catalyst concentration) were inconclusive. The reason our
data does not corroborate the second order hypothesis is likely due to the insolubility of
the catalyst. Therefore, although the concentration of the catalyst does not vary drastically
over the course of the reaction, we believe it is changing enough to skew the data. It is also
possible that instead of the catalyst concentration increasing as more dissolves, the
concentration could instead be decreasing as some of the catalyst is deactivated. As
discussed in the previous chapter, the catalyst does not retain the same activity between
sequential reactions. Therefore, in order to gain more insight into the kinetics of this
reaction, further testing would need to be carried out.
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CHAPTER 4.
DEOXYDEHYDRATION OF AROMATIC DIOLS
BY DIOXOMOLYBDENUM (VI) AMINE BIS(PHENOLATE)

4.1

Introduction
Upgrading of biomass-derived vicinal diols and polyols via deoxygenation and

dehydration reactions (Scheme 4.1) has recently received much attention.1-3 The first report
of the deoxydehydration (DODH) of vicinal diols in 1996 by Cook and Andrews used
Cp*ReO3 with PPh3 as the reductant.4 Since then, there has been a great deal of work in
the area to improve the reaction conditions for various diols. Investigating an improved
reductant was the first logical focus, and Nicholas and co-workers investigated sulfite
reductants for the DODH of vicinal diols.5 The Abu-Omar group has reported the use of
H2 as an environmentally friendly, cheap reductant with trioxorhenium complexes, first
with epoxides and aliphatic diols6 and later with polyols derived from biomass.7 Expanding
on the application of DODH to biomass polyols, Shiramizu and Toste reported the
conversion of various polyols including glycerol, DL-threitol, erythritol, and C5 and C6
sugar alcohols to their corresponding olefins with 1-octanol as the reductant.8

OH
R'~R

+

reductant

catalyst ., R'_rri~R

+

reductant(O)

+

H2O

OH

Scheme 4.1. Deoxydehydration (DODH) reaction of vicinal diols.

In an effort to find a more economical and selective catalyst, Chapman and Nicholas
developed the first oxo-vanadium catalyzed DODH reaction.9 The vanadium catalyst
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unfortunately lost reactivity toward diols more analogous to those found in biomass. As
rhenium is expensive, it is desirable to find a cheaper alternative. Fristrup and co-workers
discovered that commercially available ammonium heptamolybdate ((NH4)6Mo7O24)
catalyzes the DODH of glycerol.10 In these reactions, an external reductant was not needed
as the diol substrate itself was used as the reductant, resulting in three different products:
allylic alcohol, glycoaldehyde, and formaldehyde. Dissatisfied with this array of products,
Fristrup instead used isopropanol as a sacrificial reductant to give only the olefin and
acetone as the products.11 In an effort to probe various molybdenum alternatives, Palkovits
and co-workers screened a variety of commercially available molybdenum complexes on
TiO2 support.12 These heterogeneous DODH reactions were still most successful with
ammonium molybdate.
Synthetic ligand scaffolds are of great interest for catalytic systems as they can be
designed to tune the reactivity of the metal center. Our research has focused on finding a
synthetic single-site molybdenum complex that can achieve DODH of vicinal diols. Herein
we report the conversion of aromatic diols to alkenes by the way of a molybdenum aminebis(phenolate) catalyst (Figure 4.1). Initial experiments used phosphines as reductants but
it was determined that the diol substrate itself was the preferential reductant.
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Figure 4.1. Dioxomolybdenum(VI) amine bis(pehnolate), Mo(O)2(tBu-ONTHFO) (29).

4.2 Results and Discussion

4.2.1

X-Ray Crystallography
The crystals were grown in DMF with vapor diffusion of Et2O. Below is a

simplified view of the crystal structure of complex 29 (Figure 4.2) and the total unit cell
(Figure 4.3).
The structure of dioxomolybdenum complex 29 exhibits two types of
pseudosymmetry. Each two of the four independent molecules (referred henceforth as A,
B, C, and D) are nearly superimposed by a 1/2 1/5 1/2 shift along axes a, b and c (molecule
A being related to molecule B, and C to D). The molecules are differentiated by a slight
modulation of mostly the tert-butyl groups (tilt and rotation). The DMF solvate molecules
follow the same modulation direction. The structure does also exhibit a pseudo-inversion
center and two-fold screw axis, emulating space group P2(1)/c. The pseudosymmetry is
not obeyed by the DMF solvate molecules (which would come to rest on an inversion
center), and again tilt and rotation of tert-butyl groups breaks the approximate symmetry.
The structure was refined as a 2-component inversion twin.
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Figure 4.2. ORTEP drawing of one molecule of complex 29 with relevant bond lengths
shown. Bond lengths: Mo1-O1 = 1.964Å, Mo1-O2 = 1.951Å, Mo1-O3 = 2.333Å, Mo1O4 = 1.713Å, Mo1-O5 = 1.706Å, Mo1-N1 = 2.364Å.
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Figure 4.3. ORTEP drawing of the unit cell of complex 29 with one DMF molecule per
two molecules of complex 29.
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4.2.2

Methodology Development

29 (5 molo/o), PPh 3

(R,R)-hydrobenzoin

toluene, microwave
130°C, 20 min

~o

V

+

0.29

0.17
total conversion = 96%

Scheme 4.2. Conversion of (R,R)-hydrobenzoin into products in the presence of
triphenylphosphine reductant and their molar ratios.

Initially, a mixture of 1 equivalent (R,R)-hydrobenzoin, excess triphenylphosphine
and 5 mol% of molybdenum dioxo complex 29 was dissolved in toluene and heated at 130
⁰C for 20 minutes in a microwave reactor (Scheme 4.2). Hydrobenzoin was completely
converted to four products: benzaldehyde, trans-stilbene, benzyl alcohol, and
deoxybenzoin. The benzaldehyde and stilbene were produced in a nearly 2:1 ratio, which
remained consistent through further testing.
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Scheme 4.3. Catalyst reduction with triphenylphosphine and the abstraction of oxygen
from methylphenylsulfoxide.
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Figure 4.4. Array of 31P NMR for equilibrium between 29 and 30.
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Figure 4.5. 31P NMR of catalyst 29 and PPh3 after reaction with PhS(O)Me.

Our investigations upon heating with one equivalent of PPh3 indicated that catalyst
29 exists in an equilibrium with the mono-oxo molybdenum(IV) (30), with a steady 5:1
ratio, respectively (Scheme 4.3). This equilibrium was confirmed two ways. First, the
concentration of 29 was varied, which resulted in increased formation of OPPh3 as [29]
increased (Figure 4.4). Second, the reaction with a 1:1 ratio of 29:PPh3 was allowed to
equilibrate before introducing a sulfoxide. After introduction of the sulfoxide, we observed
complete conversion of the PPh3 to OPPh3 as the MoIV favored the sulfoxide as the oxygen
source (Figure 4.5). The oxophilic nature of molybdenum(IV) can be observed by the
deoxygenation of methylphenylsulfoxide to the corresponding sulfide. It was theorized that
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this abstraction of oxygen by 30 might be the reason for the large amount of benzyl alcohol
and deoxybenzoin side products. Therefore, a new reducing agent was chosen to be
examined. Upon subjecting the reaction to the strongly reducing conditions of 30 bar H2,
the products were unchanged. It was therefore proposed that the reaction could proceed in
the absence of a reducing agent. Indeed, when the reaction was performed in a microwave
reactor at 130 oC, the conversion of (R,R)-hydrobenzoin reached 75% in 5 minutes and
maximum conversion (94%) in 15 minutes. The aldehyde and trans-stilbene products were
still observed in a 2:1 ratio, respectively. Most notably, without a reducing agent, the
production of benzyl alcohol and deoxybenzoin products was greatly diminished, resulting
in benzaldehyde and trans-stilbene being the major products (Table 4.1, entry 1).
(R,R)-hydrobenzoin could be successfully cleaved in either benzene or toluene.
However, with toluene as the solvent, the amounts of aldehyde and stilbene produced were
nearly doubled. Toluene also greatly reduced the formation of the benzyl alcohol and
deoxybenzoin side products by approximately half. Therefore, toluene was selected for all
further subsequent reactions.

4.2.3

Reaction Scope
To examine the scope of this reaction, several substrate types were probed. A variety

of substituted diols were purchased and used directly, or synthesized according to literature
procedure. 13 These diols were subjected to the standard microwave reaction conditions of
130 ⁰C for 20 minutes in toluene-d8 and their products analyzed by 1H NMR with reference
to a p-dioxane internal standard. The results are shown in Table 4.1. From these
investigations, it was clear that our catalyst was unable to cleave aliphatic diols, such as
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erythritol or 1,2-propanediol. It was also unreactive toward the C-O bond of styrene oxide.
We therefore focused our efforts on aromatic diols.
(R,R)-hydrobenzoin had high conversion to its respective products (entry 1), with
benzaldehyde and trans-stilbene accounting for 45% and 22% of the total product,
respectively. To ensure the reaction did not have a diastereoselective preference, we
performed the reaction with meso-hydrobenzoin (entry 2). Although the ratio of side
products changed, the conversion to benzaldehyde and trans-stilbene was nearly identical.
Since the formation of major products was not effected by stereochemistry, the remaining
diols examined were racemic mixtures. From these results, it is clear that a para substitution
is preferable over an ortho substitution (entries 3-8), indicating that stereics play a
significant role in the ability of the substrate to be cleaved as bulkier substrates hinder
coordination to molybdenum. This also explains why substitutions geminal to the diol
moiety are unreactive. There appears to be no discernible electronic effect from the
substituents as there is no consistent trend in total conversion or selectivity of major
products.
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Table 4.1. DODH of aromatic diol substrates catalyzed by 1.
R1

Ortho (R2 )
R\R3 H

Para (R 1)
R2,R3 H

=

31:
32:
33:
34:
35:

R1

~

2
3
4
5
6
7
8
9
10
11
12

S1,1b1lci1l!! 8

(R,R)-hydrobenzoin
meso-hydrobenzoin

36
31
37
32
38
33
34
35
39
40

Conv11r1ion

94
93
43
77
32
99
36
66
29
0
0
0

OOb

Aldehyde

0.45
0.43
0.60
0.56
0.47
0.65
0.45
0.35
0.51

Geminal (R3)

=

Me
Cl
CF3
OMe
OH

36: Me
37: Cl
38: CF3

{~t Slilbgng ooc
0.22
0.17
0.26
0.24
0.21
0.31
0.22
0.13
0.16

R2

=H

39: Me (R 1 =H)
40: Ph (R 1 =Me)

Benzyl alcohol

0.14
0.22
0.08
0.10
0.19
0.02
0.16
0.24
0.14

{~t Deoxybenzoin ooc
0.19
0.18
0.06
0.10
0.13
0.02
0.17
0.28
0.19

a) All reactions performed in toluene at 130°C for 20 minutes in a mircowave reactor. b) Remaining percent is the starting diol. c) Molar
ratios calculated by 1H NMR.

4.2.4

Mechanism
As Fristrup and coworkers noted,11 DODH reactions with molybdenum catalysts

share similarities with the mechanism proposed for methyltrioxorhenium (MTO)
reactions.7 A catalytic cycle with ammonium polymolybdate simplified as MoO3 was
proposed for systems using a sacrificial alcohol.11 However, no catalytic cycle has been
proposed for DODH reactions where the substrate diol acts as the reductant, although the
cleavage of the substrate to the corresponding aldehydes has been noted before.10 We
propose the catalytic cycle in Figure 4.6. The reaction begins with coordination of the diol
to the molybdenum center through loss of water to form a diolate intermediate, which was
proposed by Fristrup et al from DFT calculations.11 This proposed diolate intermediate was
detected in our work and confirmed by anionic mode electron spray ionization mass
spectrometry (Figure 4.7). This intermediate’s mass is calculated to be 896.36 g/mol. It is
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clear from the isotope pattern that a molybdenum species is present. Based on the mass
observed in the anionic mode, it was clear that we had a doubly anionic species, giving rise
to a half mass observed as m/2z. The remaining mass can be accounted for as a classic
chloride adduct formation14-15, though it is unclear whether this adduct is an outer sphere
association or if the chloride is truly coordinated as a ligand to the molybdenum center by
displacing the THF coordinating pendant from the amine bis-phenolate ligand. The
calculated mass of this [M-H]-[Cl]- adduct is shown in Figure 4.7.
At this point, our proposed mechanism is different from that of Fristrup. We propose
that the initial diolate (41) first undergoes C-C bond cleavage to give two equivalents of
benzaldehyde and Mo(IV) mono-oxo complex 30. We know from experiments with
phosphine that this Mo(IV) complex can exist and that once formed, is highly oxophilic,
making it a good reductant. Therefore, we propose that the Mo(IV) complex 30 quickly
coordinates another equivalent of diol to form the Mo(IV) diolate intermediate 42. The
starting complex 29 is reformed as the diol is reduced and eliminated as stilbene. Over the
course of this cycle, benzaldehyde and stilbene are produced in a 2:1 ratio, respectively,
which is corroborated by the experimental data. This proposed mechanism is similar to
those mechanisms proposed for rhenium- and vanadium-oxo complexes, with the notable
difference of the substrate acting as the reductant on the metal center to give the aldehyde
rather than requiring a sacrificial reductant.
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Figure 4.6. Proposed catalytic cycle for the DODH of hydrobenzoin by complex 29. L =
amine bis(phenolate) ligand.
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Predicted m/z
[M-H]-[Cl]m/z: 447.67 (100%)

Figure 4.7. ESI-MS of the molybdenum(VI) diolate intermediate 41.

The formation of the side products benzyl alcohol and deoxybenzoin are not a part
of the main catalytic cycle. As shown in Figure 4.6, the only available pathway for the
production of deoxybenzoin is from diolate 41 if the diol is not cleaved to the aldehyde and
instead undergoes a hydrogen transfer to give the ketone. The formation of benzyl alcohol
was not as straightforward. Two main pathways could be envisioned to produce benzyl
alcohol. These are shown in Figure 4.8. In pathway A, water acts as a hydrogen source for
Mo(IV) diolate (42) or Mo(VI) diolate (41), resulting in a cleavage of the diol to give one
equivalent of benzaldehyde and one equivalent of benzyl alcohol and no net oxidation or
reduction of the metal center. In pathway B, the Mo(IV) diolate (42) reacts with water as
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the hydrogen source to cleave the diol into two equivalents of benzyl alcohol and oxidizing
the molybdenum center to Mo(VI). Given the oxophilic nature of Mo(IV), the driving force
for pathway B to reform Mo(VI) would be larger than pathway A. We can determine which
pathway is used by analyzing the ratio of products seen in our experiments. If pathway A
is correct, we would see a larger than 2:1 ratio of benzaldehyde:stilbene as the amount of
benzaldehyde would be increased from the side reaction proportional to the amount of
benzyl alcohol produced. This trend is not observed, so pathway B is the favored pathway
for the production of benzyl alcohol.

Figure 4.8. Two possible pathways for the formation of benzyl alcohol.
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4.2.5

Recyclability

% Conversion over 20 min
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Figure 4.9. Conversion of hydrobenzoin through five sequential addition reactions, each
run for the standard reaction time of 20 minutes.

To probe to what extent complex 29 could be recycled, a series of sequential
reactions were performed. These were conducted with hydrobenzoin, under the standard
reaction conditions (toluene-d8, microwave, 130⁰C, 20 min). After completion of a reaction,
the resulting solution was analyzed by 1H NMR, recombined in the reaction vessel, and
another aliquot of hydrobenzoin was added. A total of five sequential additions were
performed. The data, summarized in Figure 4.9, shows that a portion of the catalyst loses
activity over the course of a 20 minute reaction time. Therefore, it is only moderately
recyclable.
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4.3 Conclusion
Deoxydehydration (DODH) of aromatic diols to the corresponding aldehyde and
trans-olefin is catalyzed by dioxomolybdenum(VI) amine bis(phenolate). This
transformation occurs under relatively mild conditions with toluene at 130⁰C in a
microwave reactor with up to 94% conversion through a variety of substrates. The lack of
necessity of a sacrificial diol or reducing conditions allows for greater atom economy
through the reaction, creating less waste by-product. Due to the absence of these additives,
the proposed catalytic cycle is novel for the cleavage of vicinal diols. For the main products
(aldehyde and trans-stilbene), two molecules of diol are consumed to produce two
molecules of aldehyde and one molecule of trans-stilbene. Due to the reactivity of the
molybdenum (IV) intermediate and driving force for the reformation of molybdenum (VI),
two side products are formed: benzyl alcohol and deoxybenzoin.
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4.4 Experimental

4.4.1

General Experimental
Solvents were purified by a Pure Process Technology solvent system. C6D6, CDCl3

and Toluene-d8 were obtain from Cambridge Isotopes and dried over molecular sieves and
degassed prior to use. NMR spectra were recorded on Bruker DRX500 and Varian Unity
Inova 500 MHz instruments. Mass spectrometry was performed using a Waters ZQ
micromass electrospray mass spectrometer. Gas chromatography was performed with an
Agilent Technologies 6890N Network GC System equipped with an autosampler and a
J&W Scientific DB-5 capillary column. GC yields were calculated based on a response
factor calibration curves generated by sampling different concentrations of analyte. 1H
NMR yields were calculated with reference to an internal standard of p-dioxane.
Bis(acetylacetonato)dioxomolybdenum

(VI)

[MoO2(acac)2],

triphenylphosphine,

hydrobenzoin, 1,2-propanediol, erythritol, styrene oxide, and starting aldehydes were
purchased from Sigma-Aldrich and used as received.

4.4.2 Synthesis of 6,6'-((((tetrahydrofuran-2yl)methyl)azanediyl)bis(methylene))bis(2,4-di-tert-butylphenol) ligand
2,4-di-tert-butylphenol (2.902 g, 14.068 mmol), tetrahydrofurfurylamine (726 µL,
7.034 mmol), and formaldehyde (37%) (1.054 µL, 14.068 mmol) were combined in 5 mL
of H2O. The reaction was refluxed overnight, then cooled to room temperature. The
aqueous layer was pipetted off, and the resulting solid was triturated with MeOH, then
recrystallized from EtOH to give the product (2.393 g, 98%). Analysis conformed to
reported literature.16
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4.4.3

Synthesis of Complex 29
The ligand (500 mg, 1.446 mmol) and Mo(O)2(acac)2 (472 mg, 1.446 mmol) were

dissolved in the minimum amount of CHCl3 in a 20 mL vial. The vial was capped and the
solution was refluxed for 1 hour. The reaction solution was cooled to room temperature
and concentrated until approximately 1 mL CHCl3 remained. Added 3 mL MeOH, then nhexane. A precipitate began to form, and the solution was placed in the refrigerator
overnight. The resulting yellow powder that had precipitated was collected via vacuum
filtration, washing with hexane, and dried under high vacuum as pure complex 29 (471 mg,
53%). Crystals grown for X-ray diffraction from DMF/Et2O vapor diffusion. 1H NMR
(CDCl3, 500MHz): δ 7.37 (s, 1H), 7.26 (s, 1H), 7.01 (s, 1H), 6.89 (s, 1H), 5.10 (d, J = 14.9
Hz, 1H), 4.68-4.58 (m, 1H), 4.29 (d, J = 12.5 Hz, 1H), 4.20-4.13 (m, 1H), 3.79 (d, J = 4.0
Hz, 1H), 3.77 (d, J = 6.5 Hz, 1H), 3.67-3.54 (m, 1H), 2.91 (t, J = 12.3 Hz, 1H), 2.47 (dd, J
= 12.8, 3.8 Hz, 1H) 1.93-1.78 (m, 3H), 1.55 (s, 1H), 1.46 (s, 9H), 1.43 (s, 9H), 1.31 (s, 9H),
1.29(s, 9H). ESI-MS m/z = 663.

4.4.4

Typical Reaction Protocol
In a 10 mL snap-cap vessel, complex 29 (10 mg, 0.02 mmol, 5 mol%) and vicinal

diol substrate (0.325 mmol) was dissolved in 2 mL of toluene-d8. The solution would be
purged with argon by submerging a thin PTFE tube into the solution and bubbling argon
through for approximately 5 minutes. The vessel was subsequently sealed. Reactions were
heated to 130°C over 5 minutes in a microwave reactor and held at that temperature for the
desired time. The reaction vessel was then rapidly cooled to 60 °C using a flow of nitrogen
gas. The cooled solution was then analyzed by 1H NMR to determine product ratios.
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For initial product identification, the reaction solution was dried and the resulting
residue was passed through a silica gel plug, eluting with n-hexane. The resulting solution
was diluted to a volume of 25 mL and analyzed by gas chromatography.

4.4.5

Synthesis of 1,2-bis(4-methoxyphenyl)ethane-1,2-diol (34).17
To a 25 mL flask under argon was added NaBH4 (99 mg, 2.627 mmol). A slurry

of EtOH (5 mL) and 4,4'-dimethoxydibenzoyl (500 mg, 1.850 mmol) was added to the
flask. The resulting yellow suspension was stirred at room temperature for 1 hour, after
which time a white suspension was observed. The reaction was quenched with H2O (1 mL)
and the crude product was recrystallized from this solution of EtOH:H2O (5:1, v:v). The
pure product was isolated as colorless crystals (343 mg, 68%): 1H NMR (CDCl3, 400 MHz):
δ 3.80 (6H, s), 4.74 (2H, br, OH), 6.86 (4H, d, J = 8.7 Hz), 7.21 (4H, d, J = 8.7 Hz).

4.4.6

Synthesis of pyridinium hydrochloride.18
Pyridine (4.832 mL, 60 mmol) and HCl (4.959 mL, 60 mmol, 12.1M) were stirred

together at room temperature overnight. The product was dried under vacuum with gentle
warming. The resulting solid was used without further purification.

4.4.7

Synthesis of 1,2-bis(4-hydroxyphenyl)ethane-1,2-dione (43).19-20
4,4'-dimethoxydibenzoyl (4 g, 20 mmol) was added to a flask with freshly prepared

pyridinium hydrochloride (13.867g, 120 mmol) from the previous reaction. The melted
solids were stirred neat at 180oC overnight. While the reaction was cooling, H2O was
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added to quench, and the reaction was allowed to cool completely. The crude product was
recrystallized from H2O/EtOH (5:1, v:v) and washed with cold H2O. The pure product was
isolated as a yellowish-tan solid (1.427 g, 29%): 1H NMR (Acetone-d6, 400 MHz): δ 6.98
(4H, d, J = 8.6 Hz), 7.82 (4H, d, J = 8.6 Hz), 9.51 (2H, br, OH).

4.4.8

Synthesis of 1,2-bis(4-hydroxyphenyl)ethane-1,2-diol (35).16
1,2-bis(4-hydroxyphenyl)ethane-1,2-dione (13) (500 mg, 2.065 mmol) was

dissolved in MeOH (15 mL) in a dry 50 mL round bottom under argon. The solution was
cooled to 0oC. NaBH4 (252 mg, 6.648 mmol) was added and the reaction was stirred at
0oC for 1 hour.

The reaction was quenched with H2O, extracted with Et2O, and

concentrated. The resulting solid was recrystallized from EtOH and washed with cold
EtOH and cold pentane. The pure product was isolated as a light pink solid (74 mg, 15%):
1

H NMR (Acetone-d6, 400 MHz): δ 3.92 (2H, br, OH), 4.66 (2H, s), 6.69 (4H, d, J = 8.5

Hz), 7.06 (4H, d, J = 8.5 Hz), 8.08 (2H, br, OH).
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CHAPTER 5.
DEVELOPMENT OF AN INTERMOLECULAR
METHODOLOGY FOR THE SYNTHESIS OF 2,4,8TRISUBSTITUTED OXOCINES

5.1 Introduction
Highly substituted oxocines and oxocine derivatives are prevalent scaffolds in wide
variety of natural products,1-2 including heliannuols (allelopathic),3 brevetoxins A and B,4
laurencin,5 and echinolides A and B.6 Heliannual A (Figure 5.1) is isolated from sunflowers
and has been shown to inhibit plant growth, making it a potential target for natural
herbicide.5, 7 Laurencin (Figure 5.1) is isolated from a type of seaweed. While the parent
compound has only shown antibacterial activity, the metabolites of laurencin have shown
a range of activities, including: antibacterial, antifungal, antiviral, and insecticidal.3 These
medium-sized heterocycles present a synthetic challenge for the facile synthesis of the
natural products and their analogs due to their thermodynamic constraints.

Figure 5.1. Structures of two naturally-occuring oxocines.

The first oxocine synthesis was reported by Schreiber and Kelly8 as a ring
expansion from substituted δ-lactones to the corresponding oxocinone. A cyclopropanebased ring expansion was later reported.9 Early intramolecular reactions generally involved
the formation of the eight-membered lactone.10-11 Today, the most popular route to highly
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substituted medium-sized heterocycles is ring-closing metathesis (RCM).12-15 However,
RCM usually requires several steps to obtain the desired diene precursor. The popularity
of RCM is followed closely by alcohol-ketone coupling to give the ethereal moiety.2 In
1990, Overman et al. reported activating an acetal with a Lewis acid, followed by
intramolecular attack of an alkene to give di- and trisubstituted oxocines (Scheme 5.1).16

Scheme 5.1. Overman's Lewis acid promoted intramolecular cyclization.16

Scheme 5.2. Rosa's intermolecular oxocine synthesis.17

Only a handful of intermolecular approaches have been described. Later, Rosas et
al. report the synthesis of oxocines using α-ketoalkyne and aldehyde substrates (Scheme
5.2).17 Intermolecular reactions are more useful than their intramolecular counterparts as
they allow for versatile substituent variety in a single convergent step. Developing a facile
method to achieve a trisubstituted oxocine would greatly enhance the ease of these
syntheses and provide a solid foundation for large ring synthesis. The Ghosh group had
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previously reported the identification of an oxocine as a side-product in Prins cyclizations
involving an olefin migration and proposed a mechanism for this transformation (Scheme
5.3).18 These 8-membered ring products were first reported by the group as an 11% side
product in the tandem olefin migration-Prins cyclization reaction the lab had developed.
However, attempts to improve their yield through reaction conditions and various
aldehydes proved fruitless. Therefore, it was unexpected to see these rings forming later,
while investigating a project with very different reaction conditions. The mechanism for
their formation should be fairly straightforward (Scheme 5.3), with the olefin acting as the
nucleophile to close the ring. Hydrogen elimination gives the final endocyclic alkene.17

Scheme 5.3. Proposed mechanism for the oxocine formation.18
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5.2

2,4,8-Trisubstituted Oxocine Methodological Development

Scheme 5.4. Reaction found to yield 8-membered ring product.

While investigating a Prins cyclization with Sc(OTf)3 using a new alkenol, it was
discovered that an oxocine was being formed as a side-product (Scheme 5.4). As the
oxocine was a much more significant side product than the mere 11% previously reported,
work was undertaken at once to develop this reaction further and probe its scope.
From the initial results, many reaction conditions were adjusted to find the optimum
conditions, including solvent, catalyst concentration, acid concentration, and temperature
(Table 5.1). A 50:50 mixture of DCM:CH3CN was found to be the best solvent for the
highest conversion to the 8-membered ring. Increasing acid concentration (entry 18) did
not increase the yield, although eliminating it decreased the yield of the 8-membered ring
in favor of the yield of the 6-membered ring (entry 2). For these reasons, later investigations
only used 30 mol% p-toluenesulfonic acid (PTSA). Doubling the concentration of
Sc(OTf)3 from 10 mol% to 20 mol% seemed to have no effect on the yield (entries 3 and
7). Sc(OTf)3 was not able to maintain activity at reflux temperatures (entry 8), so
temperatures had to be kept at ambient temperature or below. Since Dy(OTf)3 can serve as
a substitute for Sc(OTf)3 while being cheaper, air-stable, and water-stable19, it was tested
and similar yields were obtained between Sc(OTf)3 and Dy(OTf)3 (entries 3 and 13,
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respectively). Reactions run with Dy(OTf)3 at low temperature (entries 18-19) gave the
best 6-membered ring:8-membered ring ratio with no 6-membered ring product observed.
Although the yields appear to be higher at room temperature, it is unclear how significant
the difference in yield is on such a small reaction scale. It should be noted that some more
harsh conditions (entries 16-17) were tried based on similarly activated aldehydes in the
literature20-21, with no benefit to product formation.
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Table 5.1. Solvent and Lewis acid variants initially probed.
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Table 5.2. Further reaction optimization with Dy(OTf)3.

All of the previous optimization reactions were performed by dissolving both the
alkenol and the aldehyde together before adding Dy(OTf)3 and PTSA. This is referred to
as “pre-mixed”. Using this method, as shown in Table 5.2, the amount of oxocine produced
decreased when the temperature was decreased to 0⁰C, but the relative ratio of
oxocine:Prins product was significantly better. The overall yield could be increased up to
42% if catalyst loading was increased. Unfortunately, this required a large amount of
Dy(OTf)3, which is not optimal for catalytic reactions. Therefore, it was decided to try
dissolving the aldehyde, Dy(OTf)3, and PTSA first, followed by drop-wise addition of the
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alkenol was investigated. This is referred to as “slow addition”. This increased the yield of
both the Prins product and the oxocine, even down to only 10 mol% of Dy(OTf)3 at 0⁰C
(entry 5). From previous investigations, it was known that total yield should increase with
temperature, so the slow addition method was tested at ambient temperature (entry 6),
giving the best results. The reaction was not tolerant of significantly decreasing catalyst
loading (entry 7). Unsurprisingly based on previous results, increasing the temperature
greatly hindered the reaction (entry 8). Since it would be best to only require one equivalent
of the alkenol starting material, several attempts were made to decrease the ratio of starting
materials. Unfortunately, regardless of catalyst loading, the reaction was unresponsive to
this decrease of alkenol availability (entries 9-11). With solvent, catalyst type, catalyst
loading, acid type, acid loading, temperature, and substrate equivalents investigated, it was
decided to begin investigating the scope of the best reaction conditions (entry 6) by testing
different substrates.
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5.3

Substrate Investigations

Table 5.3. Substrates investigated for reaction scope.

From initial substrate investigations, it appeared that the reaction proceeded best
with electron withdrawing substituents on the aldehyde. However, varying the type and
number of electron withdrawing groups on the aromatic ring did not increase the yield,
although the reaction was tolerant of these substrates (Table 5.3, entries 19-22). Yields
decreased with electron donating aromatic aldehydes (entries 8-16). Interestingly, whereas
the nitrobenzaldehydes gave the best yield with the para-substitution, the electron donating
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aromatic aldehydes gave the best overall yield and ratio with meta-substitutions. The
reaction was not tolerant of aliphatic aldehydes (entries 17, 18, and 23). The R-group on
the alkenol was tolerant of larger alkyl substituents (entry 3), but R-groups that altered the
electronics of the system were not tolerated (entries 4 and 5). It was not surprising that the
allyl derivative gave such a complex mixture since the double bond is the nucleophile that
attacks the oxocarbenium ion in the standard reaction. Adding a second double bond to the
alkenol would therefore provide two equally nucleophilic sites.
Based on the proposed mechanism for the transformation, the difference between
aromatic and aliphatic substrate success may arise from the loss of pi-pi stacking when
using aliphatic aldehydes. However, it is difficult to speculate on exactly how this effect
would be carried out mechanistically. The decreased yield of ortho- and para-substituted
electron-donating aromatic aldehydes arises from the resonance effects of the electrondonating groups on the ring. For both ortho- and para-positioned electron-donating groups,
the negative charge can reside on carbon alpha to the aldehyde and on the oxygen of the
aldehyde itself. This extra resonance results in a more stable, and therefore less reactive,
substrate. It also decreases the electrophilicity of the carbonyl center, making it less
reactive to nucleophilic attack by the alkenol.
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5.4 Crystallization Attempts
Multiple attempts have been made to crystallize the oxocine product to take x-ray
crystallography of it. For each attempt, the standard methylated alkenol with pnitrobenzaldehyde product has been used. The nitrated product is then selectively reduced
to the amine, which is still an oil. This amine has been coupled to p-nitrobenzoyl chloride
and o-bromobenzaldehyde. The nitro derivative has given the best crystals so far, but they
have been too small as needles to cut or of too low a quality for crystallography. The bromo
derivative generally prefers to be an oil, but has occasionally formed tiny crystals that have
been too small for x-ray. Therefore, the bromo- derivative was tested with saccharin and
salicylic acid (chosen based on their structure compatibility and similar solubility profile)
for co-crystallization. Some of the simple amine was used to try to create salts that may
crystallize. These attempts included hydrochloric acid, sulfuric acid, PTSA, and benzoic
acid. However, these salts formed merely amorphous solids that would not crystallize.
Complete tables of the crystallizing conditions are given below (Table 5.4). Salts with HCl,
H2SO4, and PTSA are not given as these acids were too strong, resulting in the destruction
of the ethereal ring and a black, tar-like substance in the vials.

97
Table 5.4. Table of crystallization attempts and their results.
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Table 5.4 Continued

99
5.5 Experimental
5.5.1

General Procedure
All reagents were purchased from Sigma-Aldrich, Fisher-Acros, Strem Chemical,

or Alfa-Aesar, and were used without further purification unless otherwise noted. The
following reaction solvents were distilled prior to use: CH2Cl2 & Toluene from CaH2; Et2O
& THF from Na/Benzophenone. All reactions were performed under an argon atmosphere
in either flame- or oven-dried glassware when moisture-sensitive. TLC analysis was run
using glass-backed Thin-Layer Silica Gel Chromatography Plates (Silicycle) (60 Å, 250
μm thickness, F-254 indicator). All solvent systems are given as volume : volume ratios.
Flash chromatography was performed using 230-400 mesh, 60 Å pore diameter silica gel
(Silicycle). 1H, and 13C NMR spectra were recorded at room temperature on either a
Bruker ARX400 spectrometer, using a QNP probe, or a Bruker 500 spectrometer, using a
CRYO probe. 1H and 13C chemical shifts (δ values) are reported in parts per million (ppm),
and are referenced to either the deuterated residual solvent peak, or to tetramethylsilane.
NMR data are reported with multiplicity as: s=singlet, d=doublet, t=triplet, q=quartet,
p=quintet, h=sextet, g=septet, br=broad.
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5.5.2

Synthesis of Olefins

5.5.2.1 Preparation of 3-methylbut-3-en-1-yl 4-methylbenzenesulfonate (44)16

Para-toluenesulfonyl chloride (9.520 g, 49.93 mmol) was dissolved in DCM (14 mL)
under an argon atmosphere. After the reaction was cooled to 0⁰C, pyridine (4.022 mL,
49.93 mmol) was added and the solution turned yellow. Then, 3-methyl-3-buten-1-ol
(4.202 mL, 41.61 mmol) was added dropwise to the solution at 0⁰C. The reaction was
stirred overnight, allowing it to warm to room temperature. The reaction was quenched
with H2O and stirred until the resulting salts completely dissolved. The mixture was
extracted with DCM, and the organic layer was dried over Na2SO4 before removing the
solvent under reduced pressure. The crude product was purified using flash
chromatography, eluting with 85:15 (hexane:EtOAc) to give the target product with some
p-TsCl impurities. The remaining p-TsCl was crystallized from pentane, and the solution
was filtered through celite to give the pure tosyl 44: 7.049g, 70%; 1H NMR (CDCl3, 400
MHz) δ 1.65 (3H, s), 2.34 (1H, t, J = 6.8 Hz), 2.44 (3H, s), 4.12 (2H, t, J = 6.9 Hz), 4.72
(2H, d, J = 45.2 Hz), 7.34 (2H, d, J = 8.0 Hz), 7.78 (2H, d, J = 8.3).

101
5.5.2.2 Preparation of diethyl 2-(3-methylbut-3-en-1-yl)malonate (45)16

A slurry of 60% NaH (4.372 g, 109.36 mmol) and KI (1.513 g, 9.11 mmol) was prepared
in THF (80 mL). After the mixture was cooled to 0⁰C, diethyl malonate (16.682 mL, 109.36
mmol) was added dropwise. The solution was maintained at 0⁰C until evolution of gas
ceased. The solution became colorless, and the reaction was heated to 70⁰C. Tosylate X
was added in a solution of THF (20 mL), rinsing with another 20 mL of THF. The reaction
continued to reflux at 70⁰C overnight. Upon completion, the reaction was cooled to room
temperature and diluted with H2O to dissolve the resulting salts. The mixture was extracted
with Et2O and dried over MgSO4 before removing the solvent under reduced pressure. The
crude product was purified using flash chromatography, eluting with 85:15
(hexane:EtOAc) to give target diester 45: 19.048 g, quantitative; 1H NMR (CDCl3, 400
MHz) δ 1.25 (6H, t, J = 7.1 Hz), 1.70 (3H, s), 2.03 (4H, m), 3.32 (1H, m), 4.18 (4H, q, J =
7.1 Hz), 4.71 (2H, d, J = 23.8 Hz);

13

C NMR (CDCl3, 100 MHz) δ 13.96, 22.05, 26.52,

35.11, 51.22, 61.18, 111.06, 143.96, 169.33.
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5.5.2.3 Preparation of 2-(3-methylbut-3-en-1-yl)malonic acid (46), Procedure A.

To diester X (7.134 g, 29.3 mmol) was added 2M NaOH (59 mL). The reaction was stirred
for two days at room temperature. The aqueous solution was extracted with Et2O to remove
organic impurities. The remaining aqueous solution was acidified to pH 3 using 10% HCl.
It was then extracted with Et2O and dried over MgSO4 before removing the solvent under
reduced pressure. 1H NMR analysis showed a mixture of the diester, monoester, and diacid.

5.5.2.4 Preparation of 2-(3-methylbut-3-en-1-yl)malonic acid (46), Procedure B.

The mixture of material obtained from Procedure A was dissolved in THF (200 mL) and
EtOH (65 mL). To this stirred solution was added 2M NaOH (59 mL). The reaction was
stirred for two days at room temperature, after which time the solution was a clear
red/orange. The mixture could not be extracted with Et2O or EtOAc, so it was acidified to
pH 3 with HCl and concentrated under reduced pressure. The organics were extracted with
EtOAc and dried over Na2SO4 before removing the solvent under reduced pressure. 1H
NMR analysis showed a mixture of the diester, monoester, and diacid.
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5.5.2.5 Preparation of 2-(3-methylbut-3-en-1-yl)malonic acid (46), Procedure C16

Diester X (19.048 g, 83.44 mmol) was dissolved in THF (835 mL) and EtOH (420 mL).
To this stirred solution was added 1M NaOH (417 mL) and the reaction was stirred
vigorously for three days at room temperature. The reaction mixture was concentrated
under reduced pressure and extracted with EtOAc to remove organic impurities. The
aqueous solution was acidified to pH 3 with 10% HCl, extracted with EtOAc, and dried
over Na2SO4 before removing the solvent under reduced pressure to give diacid 46 (14.28
g, 99%), which was used in the next reaction without further purification.

5.5.2.6 Preparation of 5-methylhex-5-enoic acid (47) 16

Diacid 46 (14.28 g, 82.936 mmol) was dissolved in acetonitrile (415 mL) and stirred at
room temperature. Cu2O (593 mg, 4.147 mmol) was added to the solution, and the solution
was heated at 85⁰C reflux overnight. Once complete, the reaction was cooled to room
temperature and diluted with H2O. The mixture was then cooled to 0⁰C and the Cu2O was
deactivated by the slow addition of 6M HCl. The mixture was concentrated, extracted with
EtOAc, and dried over Na2SO4 before removing the solvent under reduced pressure to give
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carboxylic acid 47 (10.25 g, 96%), which was used in the next reaction without further
purification.

5.5.2.7 Preparation of N-methoxy-N,5-dimethylhex-5-enamide (48)

Carboxylic acid 47 (10.25 g, 79.97 mmol) was dissolved in DCM (160 mL) and cooled to
-78⁰C. Triethylamine (33.439 mL, 239.92 mmol) was added, followed by isobutyl
chloroformate (11.497 mL, 87.97 mmol). The solution stirred for 45 minutes while
warming to room temperature. The solution was cooled to -78⁰C and N,Odimethylhydroxylamine hydrochloride (11.702 g, 119.958 mmol) was added. The solution
was warmed to room temperature and stirred overnight. Once complete, the solution was
diluted with H2O to dissolve the triethylamine salts. The mixture was extracted with DCM
and dried over Na2SO4 before the solvent was removed under reduced pressure. The crude
product was purified using flash chromatography, eluting with 80:20 (hexane:EtOAc) to
give target Weinreb amide 48: 12.30 g, 90%; 1H NMR (CDCl3, 400 MHz) δ 1.70 (3H, s),
1.77 (2H, quin, J = 7.7 Hz), 2.05 (2H, m), 2.39 (2H, t, J = 7.5 Hz), 3.16 (3H, s), 3.66 (3H,
s), 4.69 (2H, d, J = 12.0 Hz).
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5.5.2.8 Preparation of 6-methylhept-6-en-2-one (49)

Weinreb amide 48 (2.854 g, 16.58 mmol) was dissolved in THF (55 mL) and cooled to 78⁰C. Methylmagnesium bromide (11.1 mL, 33.15 mmol) was added dropwise. The
solution was warmed to room temperature and stirred until complete by TLC (2-3.5h). The
reaction was quenched with saturated NH4Cl and diluted with H2O. The mixture was
extracted with Et2O and dried over MgSO4 before the solvent was removed under reduced
pressure to give crude methyl ketone 49 (2.003 g, 96%), which was used in the next
reaction without further purification.

5.5.2.9 Preparation of 6-methylhept-6-en-2-ol (50), Procedure A.

Methyl ketone 49 (733 mg, 5.81 mmol) was dissolved in MeOH (15 mL) and cooled to
0⁰C. NaBH4 (330 mg, 8.71 mmol) was added slowly to this solution. After addition was
complete, the solution was warmed to room temperature. The reaction was complete after
3h, at which time it was quenched by the slow addition of saturated NH4Cl. The mixture
was extracted with EtOAc. The aqueous layer was acidified with 1M HCl and extracted
with EtOAc again. The combined organic layers were dried over Na2SO4 before the solvent
was removed under reduced pressure. The crude product was purified using flash
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chromatography, eluting with 80:20 (hexane:EtOAc) to give target enol 50: 332 mg, 44%;
1

H NMR (CDCl3, 400 MHz) δ 1.18 (3H, d, J = 6.2 Hz), 1.37-1.61 (5H, m), 1.70 (3H, s),

2.01, (2H, t, J= 6.4 Hz), 3.80 (1H, q, J = 6.1 Hz), 4.68 (2H, d, J = 11.8 Hz);

13

C NMR

(CDCl3, 100 MHz) δ 14.06, 22.18, 23.40, 23.56, 37.56, 38.75, 67.89, 109.84.

5.5.2.10

Preparation of 6-methylhept-6-en-2-ol (50), Procedure B.

Methyl ketone 49 (1.503 g, 11.91 mmol) was dissolved in DCM (120 mL) and cooled to 78⁰C. DIBAL-H (24 mL, 0.5M in hexane) was added dropwise to the solution. After
addition, the solution was warmed to room temperature. The reaction was complete in 20
minutes, at which point it was quenched by the slow addition of saturated NaK tartrate
solution and was stirred overnight to allow for the dissolution of salts. The mixture was
extracted with DCM and dried over Na2SO4 before removing the solvent under reduced
pressure. The crude product was purified using flash chromatography, eluting with 60:40
(hexane:EtOAc) to give target enol 50: 1.347 g, 88%; 1H NMR (CDCl3, 400 MHz) δ 1.18
(3H, d, J = 6.2 Hz), 1.37-1.61 (5H, m), 1.70 (3H, s), 2.01, (2H, t, J= 6.4 Hz), 3.80 (1H, q,
J = 6.1 Hz), 4.68 (2H, d, J = 11.8 Hz); 13C NMR (CDCl3, 100 MHz) δ 14.06, 22.18, 23.40,
23.56, 37.56, 38.75, 67.89, 109.84.
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5.5.2.11

Preparation of 2,7-dimethyloct-7-en-3-one (51)

Weinreb amide 49 (100 mg, 0.58 mmol) was dissolved in THF (2 mL) and cooled to -78⁰C.
Isopropylmagnesium chloride (0.6 mL, 2M in THF) was added dropwise to the reaction.
After addition, the reaction was warmed to room temperature and for two days. Once TLC
indicated the reaction was complete, it was quenched slowly with saturated NH4Cl,
extracted with Et2O, and dried over MgSO4 before the solvent was removed under reduced
pressure. The crude isopropyl ketone 51 was used in the next reaction without further
purification.

5.5.2.12

Preparation of 2,7-dimethyloct-7-en-3-ol (52)

The crude isopropyl ketone 51 (0.581 mmol) was dissolved in DCM (6 mL) and cooled to
-78⁰C. DIBAL-H (1.2 mL, 1M in hexane) was added dropwise to the solution. After
addition, the reaction was stirred at room temperature. No progress was observed by TLC
after 4h, so the solution was cooled to -78⁰C again and more DIBAL-H (1.2 mL, 1M in
hexane) was added to the solution. The reaction was warmed to room temperature and was
complete after 1h more. The reaction was quenched slowly with MeOH. Then, saturated
NaK tartrate was added slowly and the reaction was stirred overnight at room temperature
to allow for the complete dissolution of salts. The mixture was extracted with DCM and
dried over Na2SO4 before removing the solvent under reduced pressure. The crude product

108
was purified by flash chromatography, eluting with 80:20 (hexane:EtOAc) to give target
enol 52: 15 mg, 16%; 1H NMR (CDCl3, 400 MHz) δ 0.91 (6H, dt, J = 3.5, 6.8 Hz), 1.26
(2H, m), 1.42-1.54 (4H, m), 1.58-1.68 (1H, m),1.72 (3H, s), 1.83 (H, ddd, J = 4.8, 8.7, 20.6
Hz), 2.03 (2H, m), 3.38 (1H, m), 4.69 (2H, d, J = 9.9 Hz).

5.5.2.13

Preparation of 2,2,7-trimethyloct-7-en-3-one (53)

Weinreb amide 49 (100 mg, 0.58 mmol) was dissolved in THF (2 mL) and cooled to -78⁰C.
Tert-butylmagnesium chloride (1.2 mL, 1M in THF) was added dropwise to the reaction.
After addition, the reaction was warmed to room temperature and for two days. Once TLC
indicated the reaction was complete, it was quenched slowly with saturated NH4Cl,
extracted with Et2O, and dried over MgSO4 before the solvent was removed under reduced
pressure. The crude t-butyl ketone 53 was used in the next reaction without further
purification.
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5.5.2.14

Preparation of 2,2,7-trimethyloct-7-en-3-ol (54)

This reaction followed the procedure for the preparation of 2,7-dimethyloct-7-en-3-one
(52). However, only 4 mg of product was recovered, so this material was not used in any
other reactions.

110
5.5.3

Oxocines Prepared

5.5.3.1 General procedure for the preparation of oxocines from various alkenols and
aldehydes.

A solution of aldehyde (1 eq), Dy(OTf)3, and p-toluenesulfonic acid in DCM:MeCN
(50:50, 0.05M) was prepared and stirred at room temperature for 1h to allow activation of
the aldehyde to take place. A solution of alkenol (2 eq) in DCM:MeCN (50:50, 0.05M)
was added dropwise to the reaction at room temperature, either by hand for small quantities
or by syringe pump for larger quantities. The reaction was stirred until TLC indicated
complete consumption of one of the starting materials. The reaction was quenched with
H2O and the resulting mixture was extracted with DCM and dried over Na2SO4 before
removing the solvent under reduced pressure. The crude product was purified using flash
chromatography, eluting with 90:10 (hexane:EtOAc) to give the target oxocine. The
oxocine and Prins product were typically collected together to allow for better ratio analysis
via 1H NMR. Spectroscopic data are reported for those reactions that produced novel
oxocine products.
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5.5.3.2 (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55)

Product: 28 mg, 69% total, oxocine:Prins = 1:0.5; spectroscopic data for oxocine 55 only:
1

H NMR (CDCl3, 400 MHz) δ 1.14 (3H, d, J = 6.3 Hz), 1.18-1.34 (1H, m), 1.52-.1.75 (5H,

m), 1.78 (3H, s), 1.94-2.06 (2H, m), 2.14 (1H, d, J = 12.2 Hz), 2.42-2.59 (1H, m), 2.70 (1H,
dd, J = 9.4, 14.0 Hz), 3.71 (1H, ddd, J = 3.2, 6.3, 13.4 Hz), 4.45 (1H, d, J = 8.5 Hz), 5.52
(1H, ddt, J = 1.5, 6.9, 9.9 Hz), 7.54 (2H, d, J = 8.5 Hz), 8.18 (2H, d, J = 8.8 Hz); 13C NMR
(CDCl3, 100 MHz) δ 22.25, 24.34, 25.18, 38.09, 42.39, 75.97, 80.25, 123.31, 125.96,
126.54, 134.27, 146.74, 151.70; DEPT 135 (CDCl3, 100 MHz) δ 22.26, 24.33, 25.20,
38.09, 42.38, 75.97, 80.25, 123.33, 125.96, 126.55; COSY (CDCl3, 400 MHz) and NOESY
(CDCl3, 500 MHz) data were also obtained.

5.5.3.3 (Z)-2,6-dimethyl-8-(3-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (56)

The reaction was stirred overnight. Product: 21 mg, 53% total, oxocine:Prins = 1.3:1.
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5.5.3.4 (Z)-2,6-dimethyl-8-(2-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (57)

The reaction was stirred overnight. Product: 16 mg, 39% total, oxocine:Prins = 1:2.

5.5.3.5 (Z)-2,6-dimethyl-8-phenyl-3,4,7,8-tetrahydro-2H-oxocine (58).

The reaction was stirred overnight. Product: 11 mg, 33% total, oxocine:Prins = 1:8.

5.5.3.6 (Z)-8-(4-methoxyphenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (59).

The reaction was stirred overnight. Product: 13 mg, 34% total, oxocine:Prins = 0:1.
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5.5.3.7 (Z)-8-(3-methoxyphenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (60).

The reaction was stirred overnight. Product: 15 mg, 39% total, oxocine:Prins = 1.2:1.

5.5.3.8 (Z)-8-(2-methoxyphenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (61).

The reaction was stirred overnight. Product: 7 mg, 18% total, oxocine:Prins = 0:1.

5.5.3.9 (Z)-8-(4-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (62).

The reaction was stirred overnight. Product: 15 mg, 32% total, oxocine:Prins = 1:7.
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5.5.3.10

(Z)-8-(3-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (63).

The reaction was stirred overnight. Product: 20 mg, 44% total, oxocine:Prins = 1:3.

5.5.3.11

(Z)-8-(2-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (64).

The reaction was stirred overnight. Product: 14 mg, 30% total, oxocine:Prins = 1:1.1.

5.5.3.12

(Z)-2,6-dimethyl-8-(p-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (65).

The reaction was stirred overnight. Product: 12 mg, 33% total, oxocine:Prins = 1:29.
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5.5.3.13

(Z)-2,6-dimethyl-8-(m-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (66).

The reaction was stirred overnight. Product: 14 mg, 39% total, oxocine:Prins = 1:21.

5.5.3.14

(Z)-2,6-dimethyl-8-(o-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (67).

The reaction was stirred overnight. Product: 19 mg, 39% total, oxocine:Prins = 1:11.

5.5.3.15
Preparation of (Z)-4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2yl)benzonitrile (68).

The reaction was stirred overnight. Product: 19 mg, 51% total, oxocine:Prins = 1:0.7.
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5.5.3.16
Preparation of (Z)-8-(2,4-dinitrophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro2H-oxocine (69).

The reaction was stirred overnight. Product: 13 mg, 27% total, oxocine:Prins = 1:11.

5.5.3.17
Preparation of (Z)-8-(4-fluoro-3-nitrophenyl)-2,6-dimethyl-3,4,7,8tetrahydro-2H-oxocine (70).

The reaction was stirred overnight. Product: 20 mg, 46% total, oxocine:Prins = 1:0.8.
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5.5.3.18
Preparation of (Z)-8-(4-chloro-3-nitrophenyl)-2,6-dimethyl-3,4,7,8tetrahydro-2H-oxocine (71).

The reaction was stirred overnight. Product: 20 mg, 43% total, oxocine:Prins = 1:1.4.

5.5.4

Derivitization of Oxocines

5.5.4.1 Preparation of (Z)-4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)aniline
(72).

Oxocine 55 (50 mg, 0.19 mmol) was dissolved in DCM (2 mL) and cooled to 0⁰C. To this
stirred solution, zinc dust (175 mg, 2.68 mmol) was added, followed by acetic acid (0.3
mL, 5.36 mmol). After addition, the suspension was stirred for 20 minutes at room
temperature, and TLC showed the consumption of oxocine 55. The reaction was filtered
through celite to remove the zince dust. The organic layer was removed, and the aqueous
layer was washed with DCM (1x5 mL) and EtOAc (2x5 mL). The combined organic layers
were dried over MgSO4 before removing the solvent under reduced pressure. The crude
product was purified via flash chromatography, eluting with 70:30 (EtOAc:hexane), and
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using triethylamine to deacidify the column. Pure amine 72 was collected as an orange oil:
26 mg, 59%; 1H NMR (CDCl3, 400 MHz) δ 1.14 (3H, d, J = 6.3 Hz), 1.52 (2H, m), 1.67
(2H, m), 1.79 (3H, s), 1.95 (2H, ddd, J = 17.5, 11.5, 4.4 Hz), 2.53 (1H, m), 2.83 (1H, dd, J
= 13.7, 9.9 Hz), 3.44-3.74 (3H, m and br, NH2), 4.26 (1H, d, J = 9.7 Hz), 5.46 (1H, m),
6.66 (2H, d, J = 8.4 Hz), 7.18 (2H, d, J = 8.4 Hz); 13C NMR (CDCl3, 100 MHz) δ 22.28,
24.22, 25.32, 38.14, 41.68, 75.37, 81.10, 114.83, 124.92, 126.96, 134.71, 135.52, 145.08.

5.5.4.2 Preparation of (Z)-N-(4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2yl)phenyl)-4-nitrobenzamide (73).

Amine 72 (26 mg, 0.11 mmol) was dissolved in DCM (0.5 mL). To this stirred solution
was

added

p-nitrobenzoyl

chloride

(23

dimethylaminopyridine (2 mg, 0.01 mmol).

mg,

0.12

mmol),

followed

by

Since this reaction produces HCl,

triethylamine (16 μL, 0.11 mmol) was added to avoid salt formation. The reaction was
complete after 50 minutes, at which point it was cooled to room temperature. The solvent
was removed under reduced pressure.

The crude amide was purified by flash

chromatography, eluting with 90:10 (hexane:EtOAc) to give pure amide 73 as an orange
oil: 27 mg, 63%; = 1H NMR (CDCl3, 400 MHz) δ 1.15 (3H, d, J = 6.3 Hz), 1.20-1.32 (1H,
m), 1.52-1.72 (3H, m), 1.80 (3H, s), 1.98 (1H, m), 2.54 (1H, NH, m), 2.78 (1H, dd, J =
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13.8, 9.8 Hz), 3.71 (1H, m), 4.36 (1H, d, J = 9.3 Hz), 5.49 (1H, m), 7.40 (2H, d, J = 8.5
Hz), 7.59 (2H, d, J = 8.3 Hz), 8.02 (2H, d, J = 8.7 Hz), 8.31 (2H, d, J = 8.8 Hz); 13C NMR
(CDCl3, 100 MHz) δ 22.28, 24.28, 25.28, 38.14, 42.08, 75.67, 80.74, 120.19, 123.87,
125.34, 126.67, 128.18, 135.04, 135.79, 140.44, 141.62, 149.61.

5.5.4.3 Preparation of (Z)-2-bromo-N-(4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2yl)phenyl)benzamide (74).

Amine 72 (143 mg, 0.62 mmol) was placed in a 5 dram vial. A solution of 4-bromobenzoic
acid (124 mg, 0.62 mmol) in DCM (1 mL) was added to the amine at room temperature.
EDCI (237 mg, 1.24 mmol), diisopropylethylamine (742 μL, 4.33 mmol), and HOBt·H2O
(189 mg, 1.24 mmol) were added to the solution, and the reaction was stirred overnight at
ambient temperature. After this initial stirring, the amine was not fully consumed, so 4bromobenzoic acid (62 mg, 0.31 mmol) was added to the solution and the reaction was
stirred overnight again. The solvent was removed under reduced pressure. The crude
amide was purified via flash chromatography, eluting with 60:40 (EtOAc:hexane) to give
pure amide 74 as an orange oil: 195 mg, 76%; 1H NMR (CDCl3, 400 MHz) δ 1.13 (3H, d,
J = 6.3 Hz), 1.51-1.58 (1H, m), 1.62-1.71 (1H, m), 1.80 (3H, s), 1.97 (1H, m), 2.11 (1H, d,
J = 13.9 Hz), 2.47-2.60 (1H, m), 2.74-2.84 (1H, m), 3.60-3.75 (1H, m), 4.33 (1H, d, J = 9.5
Hz), 5.48 (1H, m), 7.20-7.35 (4H, m), 7.43-7.62 (4H, m).
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APPENDIX

A1. 1H NMR of 6,6'-((((tetrahydrofuran-2-yl)methyl)azanediyl)bis(methylene))bis(2,4-di-tert-butylphenol) ligand (19).

122

A2. cis-MoVI (O)2(H2sal-eta) (16) in DMSO-d6.

123

A3. cis-MoVI (O)2(H2sal-eta-p-Br) (17) in DMSO-d6.

124

A4. cis-MoVI (O)2(H2sal-eta-o,p-Cl) (18) in DMSO-d6.

125

A5. methyl (2S)-2-((tert-butoxycarbonyl)amino)-4-(methylsulfinyl)butanoate (28).

126

A6. Sample Series from Catalyst Loading Experiment [Catalyst 16 (0.25 mol%) and methyl p-tolyl sulfide].

127

From top to bottom: 0, 5, 10, 15, 20, 25, and 30 minutes.

A7. Sample Series from Kinetic Experiments [Catalyst 16 (0.5 mol%) and t-butyl methyl sulfide].

128

From top to bottom: 0, 5, 10, 15, 20, 25, and 30 minutes.

A8. 1H NMR of complex 29. THF drawn not coordinating for clarity of labels.
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A9. 1H NMR of 3-methylbut-3-en-1-yl 4-methylbenzenesulfonate (44).

130

A10.1H NMR of diethyl 2-(3-methylbut-3-en-1-yl)malonate (45).

131

A11.13C NMR of diethyl 2-(3-methylbut-3-en-1-yl)malonate (44).

132

A12.1H NMR of crude 2-(3-methylbut-3-en-1-yl)malonic acid (46), Procedure C.

133

A13.1H NMR of 5-methylhex-5-enoic acid (47).

134

A14.1H NMR of N-methoxy-N,5-dimethylhex-5-enamide (48).

135

A15.1H NMR of -methylhept-6-en-2-ol (50).

136

A16.13C NMR of -methylhept-6-en-2-ol (50).

137

A17.1H NMR of 2,7-dimethyloct-7-en-3-ol (52).

138

A18.1H NMR of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

139

A19.13C NMR of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

140

A20.DEPT 135 of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

141

A21.COSY of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

142

A22.COSY of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

143

A23.NOESY of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

144

A24.NOESY of (Z)-2,6-dimethyl-8-(4-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (55).

145

A25.1H NMR of (Z)-2,6-dimethyl-8-(3-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (56).

146

A26.1H NMR of (Z)-2,6-dimethyl-8-(2-nitrophenyl)-3,4,7,8-tetrahydro-2H-oxocine (57).

147

A27.1H NMR of (Z)-2,6-dimethyl-8-phenyl-3,4,7,8-tetrahydro-2H-oxocine (58).

148

A28.1H NMR of (Z)-8-(3-methoxyphenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (60).

149

A29.1H NMR of (Z)-8-(4-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (62).

150

A30.1H NMR of (Z)-8-(3-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (63).

151

A31.1H NMR of (Z)-8-(2-bromophenyl)-2,6-dimethyl-3,4,7,8-tetrahydro-2H-oxocine (64).

152

A32.1H NMR of (Z)-2,6-dimethyl-8-(p-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (65).

153

A33.1H NMR of (Z)-2,6-dimethyl-8-(m-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (66).

154

A34.1H NMR of (Z)-2,6-dimethyl-8-(o-tolyl)-3,4,7,8-tetrahydro-2H-oxocine (67).

155

A35.1H NMR of (Z)-4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)aniline (72).

156

A36.13C NMR of (Z)-4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)aniline (72).

157

A37.1H NMR of (Z)-N-(4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)phenyl)-4-nitrobenzamide (73).

158

A38.13C NMR of (Z)-N-(4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)phenyl)-4-nitrobenzamide (73).

159

A39.1H NMR of (Z)-2-bromo-N-(4-(4,8-dimethyl-3,6,7,8-tetrahydro-2H-oxocin-2-yl)phenyl)benzamide (74).
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